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Southern Ocean (SO) thecosome pteropods are considered sentinels of anthropogenic 
ocean acidification (OA), and mounting evidence shows that rapid changes in ocean chemistry 
will affect their functional roles within marine ecosystems. However, there are major gaps in 
understanding of their current functional roles, along with the nature and magnitude of ongoing 
changes to these roles. There is urgency to address these gaps to establish a benchmark against 
which ongoing species-to-ecosystem scale responses may be assessed. The research in this thesis 
draws together state-of-the-art methodologies to provide new insights on the intra- and 
interspecific ecological roles of co-occurring SO pteropod species, focusing on the Indian sector 
of the Southern Ocean.  
In the first two data chapters of this thesis, I used analysis of tissue stable isotope 
signatures to derive new insights into trophodynamics of among 3 key species of Southern 
Ocean pteropods. In Chapter 2, I first used isotopic niche metrics and a comparative analysis of 
several normalization models to show that it is important to account for lipids, either chemically 
or mathematically, before applying stable isotopes analysis (SIA) to estimate ecological niches for 
polar pteropods with moderate to high lipid content. In Chapter 3, I then extended the isotopic 
analysis to assess interspecific variability in feeding behaviour, including examining relationships 
between trophic position and body size. I found that Clio pyramidata f. sulcata occupied the lowest 
trophic position and smallest niche breadth relative to two gymnosomes, Clione limacina antarctica 
and Spongiobranchaea australis. This analysis also revealed dichotomous feeding and diet behaviour 
in gymnosomes, with C. limacina antarctica exhibiting either a more generalist behaviour than 
expected or a niche breadth reflective of food limitation.  
In my third data chapter, I drew upon data from sediment traps to assess the contribution 
of pteropods to particle flux, which is a major (but poorly understood) mechanism by which 
pteropods contribute to carbon recycling in and export from Southern Ocean ecosystems. Two 
sediment traps were deployed to measure pteropod swimmer abundance and composition on 
two time scales. In both experiments, highest abundances were measured for Limacina helicina 
antarctica veligers. Fluorescence and sinking particulate organic and inorganic carbon possessed 
the most explanatory power for abundances of thecosome compositions, while gymnosome 
abundances were largely influenced by increasing adult L. helicina antarctica counts.  
In my final data chapter, I examined fecundity, which is a key gap in knowledge of 
pteropod life histories (and information for their representation in population and ecosystem 
models). I assessed fecundity as the number of fertilized eggs per spawning event. I assessed egg 
and egg mass  morphometrics, potential drivers of production, and presented a comprehensive 
description of the embryogenetic stages. Overall, egg dimensions change very little through 
successive embryonic stages, however egg areas decrease through the spawning season. 
Significant differences in egg and egg mass morphology between voyage samples were also 
discussed. 
Together, these chapters represent a synthesis of emerging methods and broader 
ecological implications. Understanding of the key roles of pteropods in the Indian Sector of the 
Southern Ocean estimated here can enable better assessments of their impacts throughout the 
Southern Ocean and global marine ecosystems more broadly. 
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 C h a p t e r  1                                                    
General Introduction and thesis overview 
 
1.1 Pteropods, anthropogenic climate threats, and knowledge gaps 
Global oceans absorb between 25 and 30% of the anthropogenic carbon emissions 
released into the atmosphere annually (Frölicher et al., 2016). While this absorptive ability has 
somewhat curtailed global warming, significant changes are still predicted for polar regions, such 
as increased warming, shallowing mixed layer depths, strengthening winds, declining sea ice and 
southward migration of oceanic frontal zones (Deppeler and Davidson, 2017). This is in addition 
to the significant chemical changes that have already occurred, including lowered surface 
seawater pH, carbonate ion concentration (CO3-2), and carbonate mineral saturation states (Orr 
et al., 2005). These changes have implications operating on all scales of biological systems that 
are enforced by abiotic changes to water circulation, nutrient cycling, and temperature. These 
abiotic changes could cause shifts in distribution and abundance of predator and prey 
communities, impact biodiversity, deter growth and respiration rates of species, and alter 
ecosystem services (Doney et al., 2009; Dupont et al., 2010; Perry et al., 2005; Sabine et al., 
2004). Understanding these changes will require rigorous scientific data collection drawn from 
species and ecosystems that are sensitive to multiple stressors of climate change (Bednaršek et 
al., 2016). 
Pteropods are opisthobranch gastropods comprising two taxonomic clades: Thecosomata 
and Gymnosomata. These clades are predominantly distinguished from one another by one 
major trait: thecosomes possess shells and gymnosomes do not. Both orders have a modified 
foot evolved into wings (parapodia) that they use for swimming (Lalli and Gilmer, 1989). Given 
the close trophic links with each other as well as with higher order species, both are potentially 
vulnerable to anthropogenic climate change. Studies highlighting the vulnerability of thecosome 
pteropods to ocean acidification primarily attribute it to their aragonite shells. Aragonite is a 
polymorph of calcium carbonate that is ~50 % more soluble to seawater than calcite (Mucci, 
1983), thus suggesting that organisms such as pteropods are likely prone to dissolution, 
particularly as the partial pressure of carbon dioxide increases in global oceans as the aragonite 
saturation state (ΩA) steadily decreases. Seawater that is greater than 1 (ΩA > 1), is conducive to 
shell formation, whereas seawater with ΩA < 1 means shell dissolution occurs to organisms that 
lack mechanisms to cope with acidic conditions (Yamamoto-Kawai et al., 2009). 
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In the Southern Ocean, aragonite undersaturation (ΩA < 1) is forecasted to occur in 
wintertime surface waters sometime between 2030 and 2038 (McNeil and Matear, 2008), and 
become more widespread on a seasonal long-term scale by 2050 (Hauri et al., 2016); however, in 
situ observations from sediment traps already reveal effects of ocean acidification on natural 
pteropod populations. In the sub-Antarctic, only 3% of pteropod shells sampled below the ΩA 
horizon (depth where ΩA falls below 1) exhibit ideal, or intact, preservation state, whereas 50% 
of shells sampled above this zone appear intact (Roberts et al., 2011). In the Terra Nova Bay 
polynya, Manno et al. (2007) also observed significant shell degradation among pteropods 
sampled below the ΩA horizon, as well as low fluxes of Limacina helicina shells and carbonate. 
Shells from live pteropods sampled from undersaturated surface waters of the Scotia Sea (within 
200 m), were diagnosed with severe dissolution, where prismatic layers of shells were completely 
missing (Bednaršek et al., 2012a). Furthermore, results from these Southern Ocean-based studies 
only mirror those reported from a significantly greater magnitude of research conducted on 
northern hemisphere assemblages (Manno et al., 2017).  
These observations have collectively led to pteropods becoming increasingly widely-
regarded as sentinels of ocean acidification (Bednaršek et al., 2017). However, a recent study 
revealed the production of an outer shell coating, or periostracum, that is produced by L. helicina 
to repair and maintain their shells from mechanical damage (Peck et al., 2018). It was proposed 
that, for many pteropods, mechanical damage occurs during attempted predation, which 
consequently exposes the damaged region to localised dissolution during winter months when 
ΩA of the water column decreases beneath the sea ice. While these findings do not conclude that 
L. helicina is resistant to the effects of OA, they raise questions around the general assumptions 
regarding OA effects on pteropods, and highlights the need for further studies examining the 
energetic costs of shell repair. In light of these findings, this thesis will not discriminate other 
anthropogenic climate stressors, including warming and changing food supply, as potential 
threats to the functional ecological roles of pteropods, examined here as their biogeochemical 
and trophodynamic interactions. 
Six species of pteropods are common within Southern Ocean waters (Hunt et al., 2008; 
Table 1.1). Among them, four are thecosomes that are believed to play a key role in the structure 
and function of Southern Ocean marine ecosystems (Hunt et al., 2008). Two species are 
gymnosomes, which are also believed to be vulnerable to climate change due largely to their 
monophagous (specialist) feeding behaviour on thecosomes. As with other dominant Southern 
Ocean mesozooplankton groups, such as copepods, euphausiids, and salps, pteropod 
distributions are closely linked to oceanographic frontal zones (Hosie et al. 2014).  
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Table 1.1 Species of both shelled (thecosome) and naked (gymnosome) pteropods most 
commonly found in the Southern Ocean. ACC = Antarctic Circumpolar Current (~60°S), PF 
= Polar Front (~55°S), STF = Sub-Tropical Front (~43°S). Typical distribution, biogeographic 
affinity, and depth range based on data compiled by Roberts et al. (2014) and Hunt et al. 
(2008). 
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Research has shown that Southern Ocean frontal zones are shifting southward, and it is 
believed that distribution of key plankton assemblages will also shift (Constable et al., 2014), 
potentially impacting trophic energy pathways throughout marine food webs. Field observations 
have already detected spatial changes in pteropod assemblages. In summers between 1993 and 
2004, unusually higher densities of L. helicina were observed along the shelf waters of the 
northern and mid-western Antarctic Peninsula, as well as over the slope towards the south, than 
previously reported (Ross et al., 2008). In the following summers of 2009 and 2010 from the 
same region, Bernard et al. (2012) observed greater L. helicina densities towards coastal waters 
than along the shelf. In Terra Nova Bay, interannual peaks in summer abundance and biomass 
have shown shallow water (<50 m) zooplankton to be dominated by L. helicina antarctica 
(Guglielmo et al., 2007, 1998; Hopkins, 1987; Pane et al., 2004), and Minutoli et al., (2017) 
identified trends of increasing pteropod abundances from pelagic to coastal stations as well as 
northern to southern stations. Together, thecosomes and gymnosomes have accounted for up to 
93 % of total macrozooplankton abundance in the East Antarctic at an interannual scale (Hunt 
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et al., 2008), yet despite this, there remains a lack of understanding of the magnitude of influence 
exerted by pteropods on the food web ecology of the Southern Ocean. 
Over a decade ago, Hunt et al. (2008) published a review on Southern Ocean pteropods 
that, whilst a comprehensive synthesis of the data available at the time, highlighted many 
knowledge gaps in pteropod ecological research. The review encouraged future studies to focus 
largely on trophic behaviour, life history strategies, biogeochemical inputs, and any flow-on 
effects from human-induced variability of pteropod assemblages. What has emerged in 
pteropod-focused research since then? According to Web of Science, a search using the key word 
‘pteropod’ results in 290 peer-reviewed publications spanning the last ten years. Among these 
results, ~71 studies feature Southern Ocean specimens though only four studies from the Indian 
sector, south of 60 °S (Fig. 1). Most of these Southern Ocean-based studies reported abundance 
(13 studies) and distribution (9 studies), whereas a comparatively small proportion reported data 
on aspects of functional roles of pteropods, including embryogenesis (1 study), flux potential (5 
studies), population dynamics (1 study), and trophodynamics (4 studies). This thesis will explore 
significant gaps in our understanding of ecological roles of Southern Ocean pteropods, including 






Figure 1.1 Locations of peer-reviewed studies related to pteropod-focused research. 
Shapes refer to taxa analysed; colours depict types of analysis; shaded region is the Indian 
Sector: black lines are oceanographic fronts, following Orsi et al. (1995), including PF = 
Polar Front, SACCF = Southern Antarctic Circumpolar Front, SAF = Subantarctic Front, 
SBDY = Southern Boundary, STF = Subtropic Front.  
 
1.2 Ecological functioning of Southern Ocean pteropods 
To measure the magnitude and dynamics of the functional roles that pteropods play in 
Southern Ocean ecosystems, it is essential to first define these roles. The following is an 
introduction to the major functional roles identified for Southern Ocean pteropod species. 
 
1.2.1 Trophodynamic role 
Thecosome pteropods feed on a wide range of phytoplankton and other food particles, 
ranging from bacteria to diatoms, dinoflagellates and small crustaceans and gastropod larvae 
(Hunt et al., 2008). One stable isotope study from East Antarctica reported a heavy reliance on 
sea ice biota by L. helicina (Jia et al., 2016). Gut contents analyses in thecosomes is minimal for 
Southern Ocean species (Hunt et al., 2008), however those that have been conducted revealed a 
high dietary proportion of diatoms, particularly in L. helicina sampled from the Ross Sea and 






























between pteropod abundances and concentrations of primary producers. Bernard and Froneman 
(2009) found that whilst L. retroversa only comprised 5% of total mesozooplankton near the Polar 
Frontal (PF) zone of the Indian sector, they contributed up to 89% of total grazing impact per 
day. Previous stable isotopes and fatty acid analyses reveal a preference for Clio pyramidata by 
Spongiobranchaea australis (Hunt et al., 2008; Phleger et al., 1999). In contrast to C. limacina, S. 
australis feeds using two lateral arms, each with multiple suckers for grasping prey (Lalli and 
Gilmer, 1989). 
Thecosomes and gymnosomes are important prey for a number of higher order trophic 
organisms, such as whales, seals, seabirds, squid, fishes, and other zooplankton (Hunt et al., 
2008; Lalli and Gilmer, 1989; Pakhomov et al., 1996). A recent study from McMurdo Sound, 
Antarctica, reported diet preference for C. limacina by the giant sea spider, Colossendeis magalonyx, 
(Moran et al., 2018). Pteropods have also been shown to vary seasonally within diets of the 
myctophids from the Scotia Sea, with the highest proportion of pteropods found in spring-
sampled Electrona antarctica, relative to other seasons (Saunders et al., 2018).  
 
1.2.2 Biogeochemical role 
Pteropods are conduits of organic and inorganic carbon export to the deep sea through 
numerous pathways. Significant grazing and predation rates mean they contribute significantly to 
organic carbon cycling through the production and release of negatively buoyant faecal pellets: 
flux up to 362 x 103 pellets m-2 year-1 has been estimated in the Terra Nova Bay Polynya in the 
Ross Sea (Manno et al., 2010). The aggregation of un-grazed or dead particles by discarded 
mucous feeding webs produced by thecosomes is responsible for export of marine particulate 
organic carbon (POC) at depth (Noji et al., 1997). Thecosomes also play an important role in the 
sequestration of particulate inorganic carbon (PIC) of biological origin, through the synthesis 
and subsequent rapid-sinking of their aragonite shells when they die (Manno et al., 2007). 
Combined, the magnitude of these biogeochemical roles are such that when thecosomes 
seasonally dominate the calcifying communities in the Southern Ocean, they can impact total 
annual reduction of CO2 transferred to the deep sea by up to twice that of other calcifying 
zooplankton, such as foraminifera and ostracods (Manno et al., 2018). The changes projected to 
occur within the Southern Ocean, and consequently to thecosome abundances, could mean 




1.3 Innovative research techniques for addressing key knowledge gaps for 
Southern Ocean pteropods 
A recent review of global pteropod research identified key knowledge gaps and 
acknowledged innovative research techniques to help address them (Manno et al., 2017). Some 
examples of gaps identified included coordinated research programs combining carbonate 
chemistry measurements with biological sampling, globally-scaled biomass estimates, and life 
history including life span and rate of shell growth. They highlighted innovative research 
techniques, including tomographic scanning, acoustics, video-imaging and molecular, trace 
elemental and stable isotopes analyses of shells. The following sections present additional novel 
techniques and approaches not featured within their report but used here to assess the ecological 
roles of Southern Ocean pteropods, including their contribution to the structure and function of 
Antarctic marine foodwebs. 
 
1.3.1 Stable isotopes and lipid analysis 
Ecologists view stable isotopes analysis (SIA) as a powerful analytical tool that can be 
applied to quantify trophic relationships, estimate ecological niches, and monitor seasonal food 
sources (Boecklen et al., 2011; Newsome et al., 2007). The majority of pteropod-based SIA 
research focuses on paleo-oceanographic records that use oxygen isotopic composition of their 
shells as climate proxies for seasonal variability of past sea surface temperatures (Keul et al., 
2017). What is lacking are data estimating the carbon and nitrogen isotopic values from their soft 
tissues that provide valuable, time-integrated information about intra- and interspecific 
relationships in trophic connectivity.  
When comparing the d13C values of species across a range of temporal and spatial scales it 
is important to first assess their lipid content to avoid bias. This is especially true for many polar 
organisms that possess large lipid stores used during winter months when prey availability is low 
(Phleger et al., 1997). The presence of highly variable 12C-rich lipids in tissues can skew d13C 
values as lipids tend to be significantly more depleted in 13C relative to other common 
macromolecules, including carbohydrates and proteins (Peterson and Fry, 1987). Without 
correcting for lipid content, either chemically or mathematically, d13C values from food sources 
may be masked. The aim is to measure the origin of carbon assimilated specifically through diet 
and tissues possessing moderate to high lipid content are often highly variable within and among 
tissues (DeNiro and Epstein, 1977). 
Moderate lipid levels have been measured within Limacina helicina (8%), whereas the 
gymnosome Clione limacina has been reported to possess higher concentrations (37%) that are up 
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to 10 times as much lipid as other pteropod species (Kattner et al., 1998; Phleger et al., 1997). 
Triacylglycerols, and the alkyldiacylglycerol ethers that are specific to C. limacina, are the major 
lipid classes found within the few polar pteropod species examined (Kattner et al., 1998; Phleger 
et al., 1997). Kattner et al. (1998) used lipid compositions to measure the close trophic 
relationships between Arctic and Antarctic phytoplankton, L. helicina and C. limacina and found 
high amounts of 16:1(n-7), indicating diatom feeding by L. helicina, and significant levels of an 
uncommon lipid found in C. limacina. This lipid, known as 1-O-alkyldiacylglycerol ethers was not 
detected in its prey, L. helicina, and likely synthesized by C. limacina as a highly specialized 
biochemical adaptation to polar life. Given this information, it is clear that polar pteropods are 
most probably require lipid correction prior to SIA, and there is impetus to warrant further 
investigations into the effects of lipids on both d13C and d15N values in both polar pteropod 
clades. 
 
1.3.2 Bayesian niche metrics 
Classic ecological niche theories are developed to model the size and diversity of species 
coexisting within a particular space (Chase and Leibold, 2003). Hutchinson’s ecological niche is 
defined as an n-dimensional hypervolume, bounded by axes representing the extent of 
environmental variables and resources required by an organism to persist (Hutchinson, 1957). 
The trophic niche is a version of the ecological niche that is primarily diet-focused. Carbon 
(d13C) and nitrogen (d15N) SIA has emerged as a standard method in ecology for gaining insight 
into the trophic relationships underlying food web dynamics. This method is particularly 
powerful in estimating carbon sources and nitrogen flow from primary producers to secondary 
consumers (Peterson and Fry, 1987). For 40 years, scientists have used stable isotope bi-plots to 
represent the niche, whereby the location of d13C-d15N space occupied by an organism provides 
both an index of the basal resources from which consumers derive their energy, and the trophic 
level at which they feed (Fink et al., 2012). Bearhop et al., (2004) were among the first ecologists 
to infer trophic niche breadth using the variance of d13C and d15N values of consumers and food 
source tissues. This was followed by the development of quantitative spatial metrics to infer 
niche width, species spacing, density, overlapping, and clustering from the extent and spread of 
isotopic data points (Jackson et al., 2011; Layman et al., 2007; Swanson et al., 2014), all of which 
are emerging tools to approximate dimensionality of the spread of assemblages. 
Southern Ocean zooplankton are an essential component of marine food webs in terms of 
providing top-down and bottom-up regulation of species composition, yet Southern Ocean-
based niche research has focused primarily on higher trophic levels, including myctophid fishes 
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(Cherel et al., 2010), penguins (Cherel, 2008; Jaeger and Cherel, 2011), albatross and petrels 
(Cherel et al., 2017; Jaeger et al., 2010). These studies have provided valuable insights into spatial 
and seasonal foraging strategies of key Antarctic assemblages. However, there is a lack of similar 
data for lower trophic organisms, such as zooplankton, whose biological responses to climate 
change can influence the functioning of entire marine ecosystems given their significant trophic 
role as conduits of energy from primary producers to higher order predators (Tarling et al., 
2017). Poleward range shifts by species assemblages in response to climate change is expected to 
result in overlapping niches (Walther et al., 2002), and consequently lead to changes in ecological 
interactions, including competition and/or predation, impacting many species, including 
pteropods, which rely heavily upon sea-ice biota (Jia et al., 2016; Urban et al., 2012).  
 
1.3.3 Sinkers and ‘Swimmers’ 
Classically, sediment traps have been the primary method for capturing passively sinking 
biogenic materials, enabling the estimation of particulate organic and inorganic carbon flux 
(POC and PIC, respectively) that lead to estimating the relative regional and global contributions 
of thecosomes to deep sea carbon and carbonate sequestration (Berger, 1978; Harbison and 
Gilmer, 1986). These studies traditionally assume that materials entrained within trap cups have 
arrived there passively as dead animals via vertical sinking, and as such, specimens identified as 
“swimmers” are initially removed from analyses. Pathways whereby swimmers could end up in 
traps include diurnal vertical migration, whereby thecosomes feed at the surface at night and sink 
to lower layers by day, and downward escape behaviour elicited by predation attempts (Harbison 
and Gilmer, 1986). While inappropriate for estimating their biogeochemical role (e.g. flux 
potential), trap-caught swimmers have been shown to provide valuable insight into seasonal 
fluctuations in polar zooplankton species and age composition and abundance (Makabe et al., 
2010; Matsuno et al., 2014). In a study comparing the abundances of Arctic zooplankton taxa 
sampled by plankton net and sediment trap methods, pteropod abundances from both methods 
were significantly correlated, and relatively constant throughout the year (Makabe et al., 2016). 
This suggests that sediment traps can effectively gather ecological data on pteropods, and 
provide year-round data collection and monitoring in regions inaccessible to sampling, including 





1.3.4 Microscopic image analyses 
The quantitative analysis of physical form and shape, or morphometrics, can be a powerful 
tool when applied to investigating life history strategies of organisms. When the shape and size 
of organisms are microscopic, challenges in morphometric analyses can be minimized with the 
use of image analyses software platforms. Pteropod egg masses possess hundreds, sometimes 
thousands, of eggs within their matrices (Lalli and Gilmer, 1989; Manno et al., 2016; Paranjape, 
1968), and manually estimating counts can be time consuming and prone to error. Image 
analyses can effectively automate processes involved with performing egg counts and early life 
stage morphometric measurements, and has shown to possess high levels of success compared 
to traditional manual methods (da Silva Júnior et al., 2018). Platforms such as ImageJ have been 
effectively employed in experimental work estimating the effects of future OA conditions on the 
brooding strategies of the marine gastropod Crepidula fornicata (Noisette et al., 2014). There is 
potential to expand this application towards estimations of fecundity in pteropods. 
 
1.4 Study Region: The Indian Sector of the Southern Ocean 
Research presented here was drawn from sampling expeditions that explored the Indian 
sector of the Southern Ocean (Fig. 2), a region which is under-surveyed compared to the 
Antarctic Peninsula and Weddell Sea, among others. Included in this region is the “Kerguelen 
Axis”, a highly productive area, extending between the Kerguelen Plateau and the Antarctic 
continent. Satellite-based chlorophyll imagery of this region reveals an immense seasonal 
phytoplankton bloom that supports a diverse array of species, including large biomass of fish to 
the north and Antarctic krill to the south (Schallenberg et al., 2018). The iron-limited region 
towards the southern extent of the plateau is characterised by relatively low concentrations of 
primary productivity, whereas the plateau’s eastern boundary near Princess Elizabeth Trough 
sustains long durations of summer phytoplankton blooms due to upwelling of iron-rich water 
(Schallenberg et al., 2018). While this biologically important region is undergoing change, 
including southward movement of the PF (Sokolov and Rintoul, 2009), reduction in sea-ice 
extent (De la Mare, 2009), and changes in overturning circulation of Antarctic Bottom Water 
(Purkey & Johnson, 2013; Rintoul, 2007; Shimada et al. 2012), their effects on adjacent marine 
ecosystems is not widely known, and the large fluctuating phytoplankton bloom reported here 
may mean that pteropods form a significant trophic link between primary productivity and 





Figure 1.2 Ship’s tracks of three Southern Ocean voyage programs along East Antarctica 
from which data is featured within this thesis, including K-Axis (2015/16), KARE20 
(2016/17), and BROKE-EAST (1995/96). Locations of Antarctic bases Casey Station and 
Dumont d’Urville Station are marked by stars. 
 
Research reported here also comes from samples retrieved from waters along Wilkes Land 
off Antarctica. This region is characterised by a pattern of variable chlorophyll concentrations 
between 83°E and 115°E, that transitions to low chlorophyll concentrations east of Casey 
Station, at 120°E (Comiso et al., 1993). The edge of the sea ice retreat along this coastline aligns 
with the bottom topography (Moteki et al., 2017). Previous oceanographic expeditions have 
detected freshening of Antarctic Bottom Water near Dumont d’Urville base, at 140°E, which 
may enforce flow-on effects to regional ecosystem functioning (Aoki et al., 2013). 
 
1.5 Thesis Objectives, Questions and Approaches 
The central objectives of this thesis were to improve current understanding of the 
functional roles of pteropods from an under-surveyed region of the Southern Ocean, as well as 
introduce novel techniques used to enable and advance pteropod-focused research. My focus 
was on understanding the structure and functional roles of sympatric species, as well as 
environmental variables that drive these species, through a survey of the lesser explored Indian 
Sector. 
Specifically, this thesis asks: 
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1. What are the trophodynamic relationships between co-occurring pteropod 
species? 
2. What is the relationship between trophic position and body size in adult 
pteropod species? 
3. What information can be gained about abundance, flux potential and population 
dynamics from both sinking and swimmer pteropods? 
4. What are the stages of embryogenesis and how does fecundity change over time 
and with variability in prey size? 
5. What are the oceanographic and ecological drivers of adult and egg abundance 
and egg production in pteropods?  
 
To answer these questions, the research presented in this thesis is based on samples 
collected during three Southern Ocean voyages spanning three separate summers along East 
Antarctica (Fig. 2), including BROKE-EAST (RV Aurora Australis, 1995/96), KAXIS (RV 
Aurora Australis, 2015/16), and KARE20 (TRV Umitaka-maru, 2016/17). Among these voyages, I 
directly participated on the latter three, spanning 2015 to 2017. I used novel research 
approaches, some of which have rarely, if ever, been used to study Southern Ocean pteropods, 
including Bayesian niche metrics, microscopic image analysis, the use of ‘swimmers’ and sinking 
specimens to estimate population dynamics and growth rate from sediment traps, and 
generalized additive models to estimate drivers of spatial variability in egg production. 
 
Chapter 1 reviews previous research on species abundance, life history, feeding traits, and 
anthropogenic threats to Southern Ocean pteropods, and outlines potential knowledge gaps that 
remain since the last review on Southern Ocean pteropods, published over a decade ago. 
 
Chapter 2 compares the stable isotopic values with and without chemical lipid extraction 
conducted prior to analyses, and assesses a suite of mathematical normalization models as an 
alternative to chemical extraction when estimating the isotopic niches of three co-occurring 
pteropod species. 
 
Chapter 3 uses the correction formula established in Chapter 2, and estimates the isotopic niche 
breadth of the same species, calculates their trophic positions, and measures the relationship 




Chapter 4 uses passive sinking and active swimmer specimens retrieved from two, temporally 
distinct, sediment trap experiments and calculates species and age composition and flux, 
population dynamics and growth rate.  
 
Chapter 5 uses L. helicina antarctica egg mass samples spanning three voyage programs to 
characterise the stages of embryogenetic development, estimate fecundity and identify potential 
environmental, ecological and physical drivers of spatial variability in egg production.  
 
Chapter 6 synthesizes new insights into the functional roles of Southern Ocean pteropods 
provided by this thesis, and identifies future research directions that may assist in benchmarking 





Figure 1.3 Graphical abstract depicting thesis outline covering research questions and topics addressed. Central icons depict the species and 
/or age classes featured in each chapter, including all species and age classes in Chapters 1 and 6, three adult species in Chapters 2 and 3, 
four species and some age classes of L. helicina antarctica in Chapter 4, and egg masses and adults of L. helicina antarctica in Chapter 5. 
 
 C h a p t e r  2                                                          
Can lipid removal affect interpretation of resource 
partitioning from stable isotopes in Southern Ocean 
pteropods?1 
 
2.1 Graphical Highlights 
 
Figure 2.1 Graphical abstract for Chapter 2. 
 
2.2 Key words 
Lipid normalization, lipid correction, d13C and d15N, niche dispersion metrics, polar, zooplankton  
 
1 This work has been published in a refereed journal and is presented below in identical form. The citation for the original publication is: 
Weldrick, C.K., Trebilco, R., Swadling, K.M. 2019. Can lipid removal affect interpretation of resource partitioning 




• Pteropods with lipids removed had d13C values up to 4.5‰ higher than bulk samples.
• Isotopic niche overlaps between untreated pteropods and their potential food sources were 
significantly different from overlaps generated between lipid-corrected pteropods and their potential 
food sources.
• Data converted using via normalization did not reveal significant differences between models among 
various niche metrics.
C. pyramidata, C. limacina, and S. australis
were sampled from the KAXIS voyage
A subset of samples were chemically 
lipid-extracted before values for d13C 
and d15N were determined
Bulk d13C and d15N values were corrected using 
published mathematical lipid normalization models, 
then compared to lipid-corrected isotopic values using
isotopic niche metrics
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2.3 Abstract 
Stable isotopes analysis (SIA) is a powerful tool to estimate dietary links between polar 
zooplankton. However, the presence of highly variable 12C-rich lipids may skew estimations as 
they are depleted in 13C relative to proteins and carbohydrates, consequently masking carbon 
signals from food sources. Lipid effects on pteropod-specific values requires examining, since 
accounting for lipids is rarely conducted among the few existing pteropod-related SIA studies. It 
is currently unclear whether lipid correction is necessary prior to SIA of pteropods. Whole 
bodies of three species of pteropods (Clio pyramidata f. sulcata, Clione limacina antarctica, and 
Spongiobranchaea australis) sampled from the Southern Ocean were lipid-extracted chemically to 
test the effects on d13C and d15N values (n = 38 individuals in total). We determined the average 
change in d13C values for each treatment, and compared this offset to published normalization 
models. We tested lipid correction effects on isotopic niche dispersion metrics to compare 
interpretations surrounding food web dynamics.  
Pteropods with lipids removed had d13C values up to 4.5‰ higher than bulk samples. 
However, lipid extraction also produced higher d15N values compared to bulk samples. Isotopic 
niche overlaps between untreated pteropods and their potential food sources were significantly 
different from overlaps generated between lipid-corrected pteropods and their potential food 
sources. Data converted using several published normalization models did not reveal significant 
differences among various calculated niche metrics, including standard ellipse and total area.  
We recommend accounting for lipids via chemical extraction or mathematical 
normalization before applying SIA to calculate ecological niche metrics, particularly for 
organisms with moderate to high lipid content such as polar pteropods. Failure to account for 
lipids may result in misinterpretations of niche dimensions and overlap and, consequently, 
trophic interactions.  
 
2.4 Introduction 
Stable isotopes analysis (SIA) has emerged as a powerful tool for elucidating food web 
structure, including estimates of dietary niche breadths and degree of overlap for co-occurring 
species (Layman et al., 2007; Newsome et al., 2007). The most commonly used stable isotope 
values in ecological studies are the relatively enriched, heavier isotopes of carbon and nitrogen, 
with values denoted as d13C and d15N, respectively (Fry, 2006). d13C values vary between different 
basal food sources, and show relatively little fractionation (~ 1‰) between trophic levels 
(DeNiro and Epstein, 1978; Peterson and Fry, 1987) while d15N typically shows greater trophic 
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fractionation (~ 1-4 ‰) (Minagawa and Wada, 1984; Peterson and Fry, 1987). SIA can be an 
effective means for estimating origins of consumer dietary sources and their trophic positions 
within food webs, but has limitations. Importantly, it is not known whether and how 
standardization (or the lack thereof) of treatment protocols for SIA (Marcus et al., 2017; 
Pomerleau et al., 2014) affects the interpretation of trophic patterns such as niches and their 
overlap.  
Comparison of d13C values must take account of the potential effect of lipids, particularly 
when comparing samples with different lipid contents (e.g. different tissues and/or species). 
Lipids are depleted in 13C (~ 2 to 8 ‰) relative to proteins and carbohydrates (Peterson and Fry, 
1987), and can be a potential source of error in ecological studies if left uncorrected. The 
presence of lipids can lower 13C values from animal tissues possessing relatively high lipid 
content (i.e. percent lipid content > 5%, mass C:N ratios > 3.5 (Post et al., 2007)), and mask the 
carbon values derived from diet (McConnaughey and McRoy, 1979). Zooplankton obtain lipids 
from food and they can also synthesize them via de novo biosynthesis (Kattner et al., 1998); 
these biosynthesized lipids can have different 13C values from those obtained through diet 
(Smyntek et al., 2007). This is of particular importance when analyzing zooplankton from polar 
environments, such as pteropods, which have been shown to exhibit unique lipid biochemical 
adaptations (Kattner et al., 1998; Phleger et al., 2001, 1997) that vary both seasonally and 
latitudinally (Syväranta and Rautio, 2010). Among pteropods the highest lipid concentrations 
have been recorded for the polar gymnosome (unshelled) Clione limacina, which possesses fat 
reserves that permit them to survive long periods of food limitation during seasonally low 
abundances of their preferred prey, thecosome (shelled) pteropod Limacina helicina and L. 
retroversa (Conover and Lalli, 1972; Hunt et al., 2008). 
Lipid removal is routinely achieved through chemical extraction (eg. 
chloroform/methanol) (Hussey et al., 2014) prior to SIA, enabling the standardization of carbon 
values across all samples (Post et al., 2007). However, chemical extraction can be time-
consuming, costly, may alter d15N values, and adversely affect other sample-processing steps, 
including acidification used to remove inorganic carbon (Murry et al., 2006). Mathematical 
normalization models provide an alternative to the chemical removal of lipids from tissues; they 
are based on the relationship between bulk (uncorrected) C:N ratios and d13C values and have 
been shown to predict d13C values for other polar marine organisms (Pomerleau et al., 2014; 
Syväranta and Rautio, 2010). Polar zooplankton-focused studies (Pomerleau et al., 2014; 
Syväranta and Rautio, 2010) have measured significant depleting effects of lipids on isotopic 
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values and recommend correcting for these effects prior to further analyses. To our knowledge, 
no studies have tested these effects on isotopic values of polar pteropods.  
This study investigates the effects of lipid removal on carbon and nitrogen stable isotopes 
ratios in pteropod assemblages from the Indian sector of the Southern Ocean. We extracted 
lipids from three pteropod species and sought to determine (1) whether d13C and d15N values 
from chemically extracted tissues differed from those from untreated tissues, (2) if mathematical 
normalization models were effective in correcting for lipids, and (3) if isotopic niche dispersion 
metrics were sensitive to chemical lipid-extraction and/or mathematical lipid correction.  Few 
studies have employed SIA with Southern Ocean pteropods and, among them, fewer have 
accounted for lipids (Hunt et al., 2008; Jia et al., 2016), making between-study comparisons 
problematic. Given the essential roles of pteropods in contributing to deep sea CO2 
sequestration (Manno et al., 2018), and providing top down control on phytoplankton and 
smaller zooplankton concentrations (Lalli and Gilmer, 1989), there is urgency to perform climate 
impact assessments on a relatively understudied organism highly sensitive to changes in ocean 
temperature and chemistry (Orr et al. 2005, Manno et al. 2017).  We hypothesize that lipid 
extraction will result in a statistically significant increase in d13C values relative to untreated 




2.5.1 Sampling of pteropods and POM 
Mesozooplankton were sampled with a Rectangular Midwater Trawl 8 (RMT8) (mesh size: 
4.5 mm, mouth area: 8 m2, Nitex nylon, Australian Filter Specialists, Huntingwood, NSW, 
Australia), equipped with a flow meter, and towed obliquely from the surface to 200 m. Ship 
speed during plankton net tows was 2-2.5 knots for an average duration of 45 minutes. 
Thecosome (shelled) and gymnosome (naked) pteropods were counted and identified to species 
level. One species of thecosome, Clio pyramidata f. sulcata (hereafter C. pyramidata), and two 
species of gymnosomes, Clione limacina antarctica (hereafter C. antarctica) and Spongiobranchaea 
australis, were separated into cryotubes, then stored in liquid nitrogen prior to analyses. Size-
fractionated particulate organic matter (POM) was collected through large volume sequential 
filtration from the ship’s underway water supply (~ 5 m depth), prescreened with an upstream 47 
mm-diameter, 1 mm filter mesh for zooplankton removal, then collected onto 25 mm-diameter 
Sterlitech silver membrane (pore size = 1.2 µm; Sterlitech Corporation, Kent, WA, USA) and 
Nitex filters (pore size = 210 µm; Genesee Scientific, San Diego, CA, USA). Particles were 
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analyzed for two size fractions: ‘large’ >210 µm, and ‘small’ <210 µm. See Schallenberg et al. 
(2018) for further details on sampling POM. 
 
2.5.2 Sample preparation and lipid extraction 
Subsamples from the same sampling site and date were replicated in order to compare 
values with and without lipid extraction (LE). Prior to SIA, all pteropod samples were rinsed in 
filtered seawater and weighed. Whilst previous research recommends acidifying thecosome 
pteropods to remove carbonate content that could otherwise bias stable isotopes results 
(Pomerleau et al., 2014), the pressure from the RMT8 sampling method completely stripped 
entire shells from most C. pyramidata samples, and any shell fragments remaining on others were 
easily removed using forceps. As a result, we did not need to acid-treat our samples prior to 
further analyses. 
Quantitative lipid extractions were conducted using a one-phase 
methanol/chloroform/Milli-Q water  (2:1:0.8 v/v/v; modified from Bligh & Dyer (1959), 
following Phleger et al. (1997) overnight extraction. This was followed by additional 
methanol/chloroform/Milli-Q water solution (final ratio of 1:1:0.9 v/v/v) to allow phases to 
break. The lower lipid phase was removed and the upper mixture was filtered down to a pellet 
and dried for 24 hr at 60 °C to remove remaining solvents. Non-lipid-extracted (“bulk”) samples 
and POM sample filters were also dried for 24 hr at 60 °C. After oven-drying, individual dry 
weights of both bulk and lipid-extracted samples were recorded. Small discs were punched from 
POM filters, and individual pteropods were ground to powder using an agate mortar and pestle, 
then all were weighed into tin cups in preparation for isotopic analysis. 
 
2.5.3 Stable isotopes analysis 
For pteropods, bulk and LE carbon and nitrogen stable isotope ratios were obtained using 
an automated Elementar vario PYRO cube analyser (Elementar Analysensysteme GmbH, 
Langenselbold, Germany) coupled with a continuous flow IsoPrime100 isotope ratio mass 
spectrometer (IsoPrime Ltd, Cheadle Hulme, United Kingdom); for POM, samples were 
analyzed using a Thermo Scientific Flash 2000HT elemental analyser (Thermo Fisher Scientific, 
Bremen, Germany) interfaced with a Thermo Fisher Delta V Plus IRMS  through a Thermo 
Fisher Conflo IV. SIA of pteropods was conducted at the Central Science Laboratory (CSL), 
University of Tasmania (Hobart, Tasmania, Australia), and for POM, at the Australian Nuclear 
Science and Technology Organisation (ANSTO) in Lucas Heights, Sydney, Australia. Isotopic 
ratios were expressed in delta (d) notation and reported as parts per thousand (‰) relative to 
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isotopic reference standards, Vienna Pee Dee Belemnite (for carbon) and atmospheric air (for 
nitrogen) (DeNiro and Epstein, 1978). To measure instrument stability, analytical precision, drift 
correction, and linearity performance at CSL, in-laboratory working standards of sulfanilamide, 
repeated every 6th sample, produced a standard deviation better than ±0.1‰ for both isotopes. 
At ANSTO, POM isotopic data are reported relative to IAEA secondary certified standards, 
with a standard error of analysis to 1 standard deviation (SD) measured at ± 0.3 mil. The carbon 
and nitrogen percentages were converted to atomic C:N ratios (%C/%N x 1.6667). Average 
standard deviations on triplicate measurements made from randomly selecting pteropod 
specimens was calculated as 0.15‰ for d13C values and 0.19‰ for d15N values.  
 
2.5.4 Mathematical normalization and model comparison 
The goal of a mathematical normalization model is to assess whether C:N ratios can be 
used as a predictor of the effect of LE on d13C values. This is typically achieved using paired 
samples (extracted versus untreated) at an individual level, and the relationship between the 
extraction effect at the individual level (∆d13C) and C:N ratio (prior to LE) is used to ‘correct’ 
bulk samples. However, the small body size of our pteropod specimens meant that we were 
unable to subdivide them to enable direct comparison of the effect of LE within the same 
specimen. In lieu of testing treatment effects within the same individual, or duplicate aliquots of 
pooled individuals possessing potentially high individual variability that would otherwise be lost, 
we compared average bulk with chemically lipid-extracted d13C values of individuals from the 
same sampling sites. We achieved this through linear modeling d13C values by treatment method 
to estimate the mean effect of extraction (lm function in R).  This simplified approach 
statistically compares averages and provides an estimate of the effect of LE on d13C.  
We compared our corrected d13C values with published normalization models. We first 
selected a variation of a standardized mathematical protocol (McConnaughey and McRoy, 1979) 
specific to fish tissues that was updated for freshwater zooplankton samples by Kiljunen et al. 
(2006). This model estimates the effect of lipids on non-lipid extracted d13C values by first 
calculating a lipid factor (L) from bulk C:N ratios (by mass): 
 ! = 931 +	[0.246	 ×	(C: N3456) − 0.775]<= (1a) 
which is then applied to the following formula to calculate lipid-extracted d13C values (d13CLE): 
 d
=>C?@	 = 	d=>C3456 + A	 ×	BC +	 3.91 +	287 !⁄ F (1b) 
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In this model, D is the average difference between d13C value of lipid extracted and bulk samples 
(representing the difference between lipids and proteins) and I is a constant. Kiljunen et al. 
(2006) used values of 7.018 and 0.048 for D and I, respectively. 
The second model was developed by Logan et al. (2008) through comparing chemically- 
and mathematically-corrected collections of marine fishes and aquatic invertebrates. Like the 
model by Kiljunen et al. (2006), this model assumes a non-linear relationship between bulk C:N 
ratios (by mass) and ∆d13C values: 
 d=>C?@	 = 	d=>C3456 + GH +	G= ln(C: N3456) (2) 
 
where values we used for b0 (-2.06) and b1 (1.91) are parameter estimates specifically applied to 
all invertebrate species tested (Logan et al., 2008).  
Post et al. (2007) developed the following normalization model based on a strong positive 
predictive relationship between bulk C:N (by mass) and ∆d13C values, estimated from a large 
variety of aquatic animal taxa: 
d=>C?@	 = 	d=>C3456 − 	3.32 + 0.99	 ×	C: N3456 (3) 
 
The fourth model is based on a mass balance model (Fry et al., 2003) that was updated by 
Smyntek et al. (2007) for freshwater zooplankton incorporates both lipid-extracted and bulk 
atomic C:N ratios as well as D to estimate d13CLE: 
d=>C?@	 = 	d=>C3456 + A ×	K(C: N3456 −	C: N?@	)C: N3456 L (4) 
 
where D was estimated by Smyntek et al. (2007) to be 6.3 and, for C:NLE, we employed the 
average values that we empirically obtained for each pteropod species (Table 1). 
Finally, we analyzed the mass balance-based model developed by Syväranta & Rautio 
(2010) for polar aquatic zooplankton: 
d=>C?@	 = 	d=>C3456 + 	7.95 ×	K(C: N3456 − 3.8)C: N3456 L (5) 
 
where mass C:Nbulk ratios were used.  
We applied these mass balance normalization models to our data and statistically 
compared the predicted results of each model with ours using a one-way ANOVA (base 
function in R). This allowed us to compare mean d13C and ∆d13C (the change in d13C values from 
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bulk to corrected) values generated from data converted by our average offset value and by the 
several published normalization models. This was followed by a Tukey’s Honest Significant 
Difference test (base function in R) to determine which published mathematical normalization 
model produces mean corrected d13C and ∆d13C values not significantly different from our 
calculated average offset value. 
 
2.5.5 Statistical analyses 
Data analyses were conducted using the statistical software R, version 3.4.0(Team, 2014). 
We used the Shapiro-Wilk’s (function in base R) and Levene’s (from the car package, version 
3.0-0 (Fox and Weisberg, 2011)) tests on bulk and LE isotopic values (d13C and d15N) to measure 
normality and homogeneity of variance, respectively. A one-way multivariate analysis of variance 
(MANOVA; manova function in base R) was used on bulk and LE d13C and d15N values (as 
dependent variables) to test for species and treatment effects (as independent variables). Where 
not otherwise specified, variability is expressed in standard deviations (SD). 
To test the effect of lipid correction on isotopic niches, we followed an analytical 
procedure similar to that of Choy et al. (2016), who measured the effects of lipid extraction on 
d13C values of beluga whales and prey using niche dispersion metrics as response variables. For 
each species, we tested the null hypothesis that the mean Euclidean distance between each 
centroid calculated from each of the niche breadths, estimated from the lipid corrected and 
unpublished bulk datasets, did not differ from zero. Null distributions were generated by using 
the residual permutation procedure (RPP) and were then used to compare with test statistics 
(Turner et al., 2010). Resultant empirical P values (the rank percentile of observed differences 
between groups) were compared with those generated using Hotelling’s T2 test. RPP and 
Hotelling’s T2 tests were performed following Turner et al. (2010)  
Total and standard ellipse areas (TA and SEA, respectively) of each pteropod species and 
their potential food sources (POM fractions for C. pyramidata and C. pyramidata for C. antarctica 
and S. australis) were estimated using Stable Isotope Bayesian Ellipses in R (SIBER) version 2.1.3 
package (Jackson et al., 2011). SIBER generates bivariate standard ellipses and convex hulls for 
isotopic niches. We also measured the proportion of dietary niche overlapping between species 
using the R package nicheRover version 1.0 (Swanson et al., 2014), which produces probable 
pairwise comparisons between the niche region of each species combination within a Bayesian 
framework. The niche region of a species is considered to be the 95% probability that a species 
will be located within isotopic bivariate space, and the niche overlap is defined as 95% 
probability that the niche region of one species will overlap with another. 
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2.6 Results 
2.6.1 Effect of lipid-extraction on isotopic values 
Thirty-eight pteropod individuals representing three species and sampled from 12 sites 
were lipid-extracted (LE) (Table A.1 in Appendix A). Significant isotopic enrichment for all 
species in d13C values (mean ∆ = 2.43 ± 0.2‰) and in d15N values (mean ∆ = 1.11 ± 0.8‰) 
occurred in samples with lipids removed prior to SIA as compared to untreated (n = 61) samples 
from the same sampling sites (MANOVA: Wilk’s l: F2,74 = 105.1, P < 0.001; Table A.2 in 
Appendix A). Multivariate analysis also detected significant differences in mean d13C and d15N 
values between species (MANOVA, Wilk’s l: species: F4,148 = 28.6, P < 0.001; Table 2.1). 
The bulk C:N ratios for all species ranged from 3.6 to 8.0 (average 4.6 ± 1.3), which was 
more variable than LE C:N ratios that ranged from 3.2 to 4.1 (Fig. A.1 in Appendix A, Table 2.1). 
The largest magnitude of increase in d13C values (LE – bulk) was detected in the gymnosome 
pteropods (S. australis: +4.0‰; C. antarctica: +4.5‰; Table A.1 in Appendix A).  
 
Table 2.1 Species-specific average (± SD) bulk, lipid-extracted (LE), and lipid-corrected (LC) 
d13C values and bulk and LE C:N ratios. LC values were obtained using our calculated 
average offset value of ∆d13C = 2.4 ± 0.2‰ from our simplified modelling approach. 
Species Bulk d13C LE d13C LC d13C C:N (bulk) C:N (LE) 
C. pyramidata  -28.1 ± 0.9 -25.4 ± 0.6  -25.7 ± 0.9 3.9 ± 0.3 3.3 ± 0.1 
C. antarctica -28.3 ± 1.0 -26.6 ± 1.2 -23.7 ± 0.8 6.4 ± 1.4 3.8 ± 0.4 
S. australis -27.9 ± 1.0 -24.0 -25.3 ± 0.9 5.1 ± 0.4 3.3 
 
The average (by site) bulk C:N ratio for all pteropods was 5.0 ± 1.5, with a range that varied 
between and within species (3.7 – 7.4); however, lipid extracted samples possessed a more reduced 
intersample range (3.2 – 4.1), along with a much lower average C:N ratio of 3.4 ± 0.2 (Table A.1 
in Appendix A). The largest variation in bulk C:N ratio in a given species was measured in C. 
pyramidata (3.7 – 4.4). C. antarctica was the only species to measure >7.0 in mean bulk C:N ratio, 
whereas C. pyramidata had the smallest mean bulk C:N ratio (4.0 ± 0.2).  
 
Chapter Two 
  25 
 
Figure 2.2 (A) Relationship between treatment (N = bulk, Y = lipid-extracted) and C:N ratio; 
(B) relationship between percent carbon and percent nitrogen for both treatments (N = bulk 
(black), Y = lipid-extracted (grey)) and grouped by species (circle = C. pyramidata, triangle = 
C. antarctica, square = S. australis). 
 
Treatment also affected carbon and nitrogen content, whereby the range of both % carbon 
and % nitrogen were reduced relative to untreated values, while also demonstrating a net overall 
increase in both (Fig. 2.2B). The net effect of reduced C:N ratios from extraction was a result of 
a relatively greater effect on % nitrogen (Fig. 2.3A and B). 
 
Figure 2.3 Relationship between (A) % carbon, and (B) % nitrogen and C:N ratio for each 
treatment (N = bulk (black), Y = lipid-extracted (grey)) and species (circle = C. pyramidata, 
triangle = C. antarctica, square = S. australis). 
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2.6.2 Lipid normalization model comparison and selection 
The results from our modelling approach (d13C ~ treatment) determined that 63% of the 
variation in d13C values was accounted for by extraction treatment alone (Fig. 2.4).  
 
 
Figure 2.4 Relationship between each treatment (N = bulk, Y = lipid-extracted) and d13C 
values. 
 
Multiple pairwise comparisons made between each model- and offset-corrected mean d13C 
value revealed statistically significant differences between datasets except for the models 
developed by Kiljunen et al. (2006) and Syväranta & Rautio (2010) (Fig. 2.5, Table A.3 in 
Appendix A).  
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Figure 2.5 Summary results of multiple pairwise comparisons made between (A) mean d13C 
values (black dots) derived from correcting d13Cbulk values by each model with the mean 
d13Ccorrected value derived from our offset value (“This study”); and (B) ∆d13C values (d13Cbulk - 
d13Ccorrected) derived from each model with the ∆d13C values obtained from our offset value. 
Dark grey vertical bands denote standard deviations of the mean values obtained from 
using our offset value to correct bulk. The mean d13Cbulk values in (A) are denoted by the 
dashed vertical lines with the standard deviations of the mean shown by the light grey 
vertical bands. Horizontal error bars refer to standard error of the means. Asterisks refer to 
values that are significantly different from the means obtained from this study. 
 
Comparisons made on the average corrected change from bulk to corrected values with 
our average offset value, all values were significantly different except for the model by Kiljunen 
et al. (2006).  
 
2.6.3 Effect of lipids on niche dispersion metrics 
The total area was larger for bulk than for lipid-extracted samples, whereas lipid-extracted 
SEAs and SEAcs were larger than those measured for the bulk dataset (Fig. 2.6, Table 2.2).  
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Figure 2.6 Bulk (black) versus LE (grey) d13C and bulk d15N values for C. pyramidata (circles), 
C. antarctica (triangles), and S. australis (squares). Ellipses represent ten random elliptical 
projections of trophic niche space and contain ~40% of the data. 
 
RPP and Hotelling’s T2 tests revealed that Euclidean distances between centroids of 
isotopic niches measured before and after lipid correction differed significantly from zero for all 
species (C. pyramidata distance = 2.38; p = 0.001; Hotelling’s T2 = 99.81; P < 0.0001; C. antarctica 
distance = 2.84; p = 0.001; Hotelling’s T2 = 97.3; P < 0.001; S. australis distance = 2.61; p = 
0.001; Hotelling’s T2 = 30.41; P < 0.001). This means that there were statistically significant 
differences in the distances between centroids calculated for treated and untreated pteropods of 
each species. 
  
Table 2.2 Total area (TA), standard ellipse area (SEA) and SEA corrected for small sample 
sizes (SEAc) for all pteropod species combined. 
 TA (‰2) SEA (‰2) SEAc (‰2) N 
Bulk 10.38 2.29 2.33 61 
Lipid-extracted 9.35 2.35 2.41 38 
 
The total and standard ellipse areas (TA and SEA, respectively) for both large (>210 µm) 
and small (<210 µm)-fractionated POM samples were calculated (small fraction: TA = 1.86‰2, 
SEA = 1.22‰2; large fraction: TA = 2.18‰2, SEA = 1.47‰2), then subsequently combined as 
one potential food source to compare niche overlaps with the SEAs calculated for bulk and 
lipid-corrected (LC) C. pyramidata (Fig 2.7A). 95% probabilistic niche area overlaps of bulk and 
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POM standard ellipses were higher than overlaps between LC and POM standard area ellipses of 
both bulk and LC C. pyramidata (bulk + POM: 0.34%; LC + POM: 0.04%). However, when the 
SEAs of S. australis were compared to that of their potential food source, represented by bulk C. 
pyramidata, overlapping with corrected samples was higher than with bulk samples (Fig. 2.7B; 
bulk + POM, 29.0%; LC + POM, 90.7%). 
 
 
Figure 2.7 Isotopic niches including standard ellipses (grey dashed line) of pteropod 
species applied to bulk (white circles) and lipid-corrected (LC) d13C values (dark grey circles) 
for (A), C. pyramidata, and (B), S. australis. Red points are centroid values. Green and 
yellow stars represent standard area ellipse of marine POM and lipid extracted C. 
pyramidata, respectively. 
  
Comparisons made between pteropod data corrected using our average offset value and 
data corrected using normalization models revealed no significant differences for each niche 
dispersion metric (Fig. 2.8; Table A.4 in Appendix A), including TA (F(3, 7) = 0.05, p = 0.985) 
and SEA (F(3, 7) = 0.11, p = 0.949).  
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Figure 2.8 Differences in standard area ellipses (SEA) and total area of the convex hull (red 
circles) between data that was not lipid-corrected (bulk), and corrected using each 
normalization model for (A) C. pyramidata, (B) C. antarctica, and (C) S. australis. The bottom 
and top of the box are the 25th and 75th percentiles, respectively; the horizontal line 
bisecting the box is the 50th percentile. The whiskers span the highest to the lowest value 
observations; outliers (grey circles) are the observations plotted outside of this range. 
 
2.7 Discussion 
2.7.1 Chemical lipid extraction vs. bulk samples 
Lipid extraction consistently produced statistically significant differences in d13C values for 
all pteropod species and sampling sites examined, with a 2.4 ± 0.2‰ average increase compared 
to bulk values. When we modelled the mean effect of treatment on d13C values, 63% of the 
variation in d13C values was accounted for by lipid extraction alone. We also found that, for all 
species combined, lipid extracted samples were significantly higher for d15N by 1.1 ± 0.8 ‰, 
relative to bulk samples. This difference in d15N values is not uncommon in marine species and 
is well within the variable offset range (-2.3 to +1.8 ‰) reported by Svensson et al. (2016) for 
several fish and invertebrates. This is likely a function of variable loss of solvent-soluble 
nitrogenous materials and proteins depleted in 15N relative to bulk tissues, such as the amino acid 
serine, from lipids (Svensson et al., 2016; Sweeting et al., 2006). This was also demonstrated by 
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the net increase in % nitrogen in all species that may have significantly impacted the decreasing 
C:N ratios. 
We observed an increase in variability within extracted versus untreated bulk d13C values, 
which some previous studies have reported as a function of removing lipids (DeNiro and 
Epstein, 1977; Murry et al., 2006; Pinnegar and Polunin, 1999). We did detect a decrease in 
variance calculated in C:N ratios of lipid-extracted relative to bulk samples. C:N ratios are 
commonly used as a proxy for lipid content, with high C:N ratios assumed to indicate higher 
lipid content (Kiljunen et al., 2006; Post et al., 2007). They are calculated from % carbon and 
nitrogen values, which also each possessed decreased variances after lipid extraction. The Bligh 
and Dyer method (Bligh and Dyer, 1959) employed in our analysis produced C:N ratios ranging 
from 3.2 to 4.1 (average = 3.4 ± 0.2) from all species combined, in comparison to the higher 
variance measured in bulk C:N ratios, ranging from 3.6 to 8.0 (average = 4.6 ± 1.3). Taken 
separately, the gymnosome C. antarctica yielded the highest average bulk and lipid-extracted C:N 
ratios, whereas the other gymnosome analyzed, S. australis, showed the greatest difference in d13C 
between treatments. These results could point to an incomplete delipidation for C. antarctica, 
particularly given that it is less clear to see the net increase in % carbon from extracted samples 
as compared to C. pyramidata and S. australis. They may also suggest a potentially strong species-
specific response to lipid extraction, consequently pointing to greater difficulty when inferring a 
strong relationship between bulk C:N ratios and lipid content. This conclusion is further 
corroborated by similar responses to lipid extraction and acidification of many Arctic and sub-
Arctic marine zooplankton assemblages (Pomerleau et al., 2014). Unfortunately, due to low 
sample sizes of gymnosomes, we were unable to model a species-specific lipid normalization in 
order to determine whether C:N ratios can appropriately serve as a proxy for lipid content at 
species level. Choy et al. (2016) found no relationship between bulk C:N ratios and ∆d13C values 
in isopod and shrimp species, and questioned the utility of approximating C:N ratios for % lipid 
in many species of marine invertebrates and fish (Kiljunen et al., 2006; Pomerleau et al., 2014). 
Future directed studies measuring species-specific proportion of lipids (measured in dry weight) 
and its relationship to untreated C:N ratios of pteropods are encouraged, with, wherever 
possible, larger sample sizes.    
 
2.7.2 Normalization model selection and the effect of lipid correction on niche 
dispersion metrics 
The normalization model by Kiljunen et al. (2006) most accurately predicted extracted d13C 
values for all pteropod species combined, and can provide a suitable alternative to chemical lipid 
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extraction in pteropod-based isotopic research. This outcome is surprising, considering model 
efficiency tests in other studies have shown this model to be appropriate for correcting d13C 
values from high lipid content tissues such as fish liver (Skinner et al., 2016). Though their own 
model provided the best fit (R2 = 0.86) for their subarctic and boreal lakes zooplankton data, 
Syväranta & Rautio (2010) found the model by Kiljunen et al. (2006) to fit their data closer (R2 = 
0.65) than any other normalization model tested. The model by Syväranta & Rautio (2010) also 
produced an average d13C value closely resembling the average value calculated by data corrected 
via our offset value. This, however, is not surprising considering this model was developed for 
polar zooplankton. Our results indicate minor differences in the effect of mathematical 
normalization model selection on the niche dispersion metrics of standard ellipses and total 
areas, though not sufficient enough to distort the interpretation of overall trophic structure. Due 
to our relatively small sample sizes, particularly when accounting for species separately, we 
understand that total and standard ellipse areas can be inaccurate when used as a proxy for 
isotopic niche areas (Syväranta et al., 2013), and thus exercise considerable caution when 
interpreting these results. Syväranta et al. (2013) generated simulations of varying sample sizes 
from among two fish populations and found that sizes greater than 30 were still insufficient in 
improving uncertainty surrounding niche analyses, particularly using total area estimations. 
Further research is required to determine the appropriate minimum samples sizes needed to 
perform robust estimations of trophic niche breadth in pteropods using standard ellipse and 
total areas. 
Murry et al. (2006) found that, relative to bulk samples, lipid extraction of tissues from an 
entire fish community altered the d13C and d15N values to significantly shift the position of the 
entire food web, rather than induce smaller scale impacts such as relative trophic positions 
among species. Since our normalization model was based on all species combined, applying this 
to correct bulk tissues of all species produced a similar result, wherein the entire community 
significantly shifted without affecting positioning of each species relative to other species. We 
also calculated species-specific standard area ellipses and centroid locations separately for both 
lipid-corrected and bulk d13C values to determine the existence of isotopic niche overlapping 
with potential food sources, and whether the magnitude of overlapping could bias 
interpretations of resource partitioning. Higher within-sample variability was measured in bulk 
versus lipid-extracted and lipid-corrected d13C values, particularly in total area measurements, 
which was similar to the results Choy et al. (2016) found in a number of polar organisms and 
tissues. Unlike Murry et al. (2006), Choy et al. (2016) did not detect community-level change with 
respect to differences in niche dispersion metrics, and pointed at the need to examine 
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community-based niche dynamics at the species level. We measured varying degrees of 
overlapping between standard area ellipses of pteropod species and their potential food sources, 
with bulk C. pyramidata displaying higher overlapping with POM than corrected C. pyramidata, 
and corrected gymnosome species (C. antarctica and S. australis) displaying higher overlapping 
with C. pyramidata than bulk gymnosome species niches. This variability highlights the need to 
correct for lipids in untreated samples, and shows how ignoring this procedure can affect 
interpretations of trophic relationships between and among species assemblages, particularly if 




Given we observed variability in niche overlapping measured between untreated versus 
mathematically corrected isotopic ratios of pteropods with their diet preferences, we strongly 
encourage the incorporation of lipid correction within the development of research protocols 
involving pteropod-focused niche breadth analyses. Without lipid correction of d13C values, be it 
through chemical extraction or a posteriori mathematical normalization, the magnitude of 
species interactions and resource partitioning can be over- or underestimated within polar 
pteropod assemblages. When analysing samples possessing similar untreated C:N ratios observed 
here (3.5-8.0), and chemical extraction of a subset is not an option, we recommend selecting 
models calibrated to similar ratios and organisms (e.g. Kiljunen et al. 2006, Syväranta & Rautio 
2010). We found high species-specific variability in relationships between untreated C:N ratios 
and ∆d13C values, and thus strongly encourage incorporation of larger sample sizes, though it 
may be challenging for less common species, such as polar gymnosomes. Lipid extraction also 
affected d15N values, and we consequently support analytical treatments of d13C and d15N values 
separately (Choy et al., 2016; Ryan et al., 2012). We advocate well-developed research protocols 
as doing so will further research into a taxonomic group particularly sensitive to anthropogenic 
change to ocean chemistry.
  
 C h a p t e r  3                                    
Trophodynamics of Southern Ocean pteropods on the 
southern Kerguelen Plateau2 
 
 
3.1 Graphical Highlights 
 
Figure 3.1 Graphical abstract for Chapter 3. 
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Weldrick, C.K., Trebilco, R., Davies, D.M., Swadling, K.M. 2019. Trophodynamics of Southern Ocean pteropods 
south of the Kerguelen Plateau Ecology & Evolution. doi: 10.1002/ece3.5380 
 
Highlights
• Observed niche areas were broadest for gymnosomes, especially for C. limacina whose observed area 
was wider on both d13C and d15N axes, either reflecting a more generalist, rather than specialist, 
feeding strategy or limited food availability.
• d15N values, a proxy for trophic position, increased for S. australis, and decreased for C. limacina, with 
increasing body length.
• No increase in dietary shift to carnivory with increasing body size was determined for C. pyramidata.
• Trophic positions ranged 2.8-3.5, revealing an assemblage of primary and secondary consumers.
C. pyramidata, C. limacina, and S. australis
were sampled from the KAXIS voyage
Distribution and abundance 
was estimated, and prior to 
SIA, body sizes of pteropods 
were measured
d13C and d15N values were determined
and trophic positions were calculated; 
relationships between d15N values and 
body size were measured 
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3.3 Abstract 
Pteropods are a group of small marine gastropods that are highly sensitive to multiple 
stressors associated with climate change. Their trophic ecology is not well studied, with most 
research having focused primarily on the effects of ocean acidification on their fragile, aragonite 
shells. Stable isotopes analysis (SIA) and isotope-based Bayesian niche metrics are useful for 
characterizing the trophic structure of biological assemblages and can provide a benchmark 
against which future climate-driven ecological change can be assessed. These approaches have 
not been implemented for pteropod assemblages. 
We used isotopes-based Bayesian niche metrics to investigate the trophic relationships of 
three co-occurring pteropod species, with divergent feeding behaviours, sampled from the 
Southern Kerguelen Plateau area in the Indian Sector of the Southern Ocean - a biologically and 
economically important but poorly-studied region. Two of these species were gymnosomes 
(shell-less pteropods), which are traditionally regarded as specialist predators on other pteropods, 
and the third species was a thecosome (shelled pteropod), which are typically generalist 
omnivores. For each species, we aimed to understand (1) variability and overlap among isotopic 
niches; and (2) whether there was a relationship between body size and trophic position. 
Observed isotopic niche areas were broadest for gymnosomes, especially Clione limacina 
antarctica, whose observed isotopic niche area was wider on both d13C and d15N value axes, 
possibly reflecting either a more generalist, rather than specialist, feeding strategy, or limited food 
availability. We also found that d15N values increased for Spongiobranchaea australis, and decreased 
for C. limacina antarctica, with increasing body length. We found no indication of a dietary shift 
towards increased carnivory with increasing body size for Clio pyramidata f. sulcata. Trophic 
positions ranged from 2.8 to 3.5, revealing an assemblage composed of both primary and 
secondary consumer behaviours. 
This study is the first comprehensive comparative analysis on trophodynamics in Southern 
Ocean pteropod species. Combined, our results illustrate differences in intraspecific trophic 
behaviour that may be attributed to differential feeding strategies at species level. 
 
3.4 Introduction 
Human-driven climate change is causing significant chemical and physical changes to 
global oceans, leading to demonstrable direct and indirect ecological impacts to Southern Ocean 
assemblages across all trophic levels (Constable et al., 2014). Among these changes is ocean 
acidification, which causes dissolution of shell-secreting organisms (Fabry et al., 2008; Orr et al., 
2005). Acidification and warming of polar waters is also expected to lead to changing size and 
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composition of phytoplankton and microbial communities, which could have severe bottom-up 
effects on marine food webs (Davidson et al., 2016). Many shell-secreting organisms rely on 
these basal food sources, and if the availability of these sources is altered, it is unclear how this 
will impact grazing organisms, be it through range redistribution, in situ adaptation, or localized 
extinction.  
The pitting of aragonite shells produced by thecosome (shelled) pteropods makes them a 
useful biological indicator of ocean acidification due to increased atmospheric CO2 (Bednaršek et 
al., 2016). Thecosomes are often dominant in macrozooplankton communities within the 
Southern Ocean (Hunt et al., 2008), and often regarded as strict herbivores (Hopkins, 1987; 
Karleskint et al., 2012) capable of exerting significant top-down control of phytoplankton 
assemblages (Perissinotto, 1992). However, gut contents have revealed the presence of 
metazoans such as tintinnids, copepods, and larval thecosome pteropods, indicating that they are 
more likely omnivorous (Hopkins and Torres, 1989).  Gut content and fatty acid analyses of 
gymnosome (shell-less) pteropods point to a highly specialized carnivorous diet, preying 
exclusively on thecosomes (Conover and Lalli, 1972). Both thecosomes and gymnosomes are 
important food for higher trophic level organisms (Lalli and Gilmer, 1989; Pakhomov et al., 
1996), so changes to pteropod assemblages in the Southern Ocean will have flow on effects up 
the food web (Suprenand and Ainsworth, 2017). Despite their importance, our knowledge of 
pteropod trophodynamics is very patchy, particularly in the Southern Ocean, and based almost 
entirely on visual analysis of their stomach contents. Co-occurring Southern Ocean pteropods 
could provide a unique model community to understand how different functional traits (eg. 
feeding structures, body size) correlate with the trophic structure of communities consisting of 
both monophagous specialists and generalists. 
The niche concept has been popular for over 100 years as it is a useful way of considering 
how different organisms fit into communities and ecosystems, and the roles they play (Grinnell, 
1917; Sexton et al., 2017). Several different versions of the niche concept have been introduced 
over time that focus on different aspects of species’ ecologies including traits, trophic 
interactions (resource use) and environmental (habitat) requirements (Elton, 1927; Hutchinson, 
1957). Over the last decade, stable isotopes have gained popularity as an approach for 
quantifying the trophic niche (thus being most closely analogous to the Eltonian niche, and the 
resource axes of the Hutchinsonian niche) (Newsome et al., 2007). This approach is based on the 
detectable average enrichments of 3-5 ‰ and ~1 ‰ in the isotopic ratios for nitrogen and 
carbon, respectively, per tropic level (Post, 2002). Measuring space occupied by consumers d13C 
and d15N enables insight into both trophic and ecological niches, as it provides both an index of 
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the basal resources from which consumers derive their energy, and the trophic position at which 
they feed, respectively (Fink et al., 2012). As for the latter, d15N values of predators rarely overlap 
with those of their prey, and are thus effective at estimating trophic position (Vanderklift and 
Ponsard, 2003). 
The extent of stable isotopic values representing all resources used by a consumer is 
commonly used as a proxy for trophic and ecological niche (Bearhop et al., 2004; Jackson et al., 
2011). Bearhop et al. (2004) first inferred the qualitative description of the trophic niche breadth 
by using d13C and d15N values of consumers and food source tissues, which was followed by the 
development of quantitative metrics to measure niche width, species spacing, density, 
overlapping, and clustering from the extent and spread of isotopic data points (Jackson et al., 
2011; Layman et al., 2007; Swanson et al., 2014). It is often assumed that smaller isotopic niches 
are associated with trophic specialists due to a low diversity of dietary resources that is 
consequently translated to small ranges in isotopic composition (Bolnick et al., 2003). 
The niche variation hypothesis (Van Valen, 1965) proposed that broader, population-level 
dietary niches are associated with greater individual-level resource use, in relation to populations 
possessing narrower niches. Assuming the niche variation hypothesis, our objective was to 
measure trophodynamic variability in sympatric pteropod species in an under-surveyed region on 
the southern Kerguelen Plateau. Here, we enlisted prior knowledge of gymnosome and 
thecosome pteropod feeding preferences (Lalli and Gilmer, 1989) and predicted that specialist 
gymnosomes will exhibit narrower isotopic niche areas than generalist thecosomes, with little 
variability over space and time scales. Based on studies using nitrogen stable isotopes and a range 
of biomass size-spectra to show positive relationships between trophic position and body size 
(France et al., 1998; Jennings et al., 2002), we assumed that larger individuals will have higher 
trophic positions than smaller individuals due increasing ability to access larger, higher trophic-
level prey with increasing body size. The effects of climate change are expected to cause shifts in 
the trophodynamics of many polar organisms (Gutt et al., 2015),  including predictions made 
that may see narrowing of niche areas due to decreased prey diversity, an increase in niche 
overlapping due to shifts in species distribution (Bas et al., 2019), and an increase in trophic 
positions of key marine predators due to expected diet shifts towards higher trophic prey 
(Tarroux et al., 2016). The trophic niches estimated here provide a benchmark for pteropods and 
a piece of the puzzle for ongoing efforts to understand trophic structuring of pelagic 
communities and ecosystems more generally. 
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3.5 Methods 
3.5.1 Study area & sampling 
Samples were collected during the Kerguelen Axis (K-Axis) research voyage aboard the 
RV Aurora Australis between 11 January and 24 February 2016. 47 stations spanned the region 
from 62.7 °E to 93.5 °E, and from 57.6 °S to 65.2 °S, covering the southern extent of the 
Kerguelen Plateau in the Indian sector of the Southern Ocean (Fig. 3.2). Station depths ranged 
from 1276 m to 4770 m.  
Macrozooplankton were sampled with a Rectangular Midwater Trawl (RMT8; mesh size: 
4.5 mm, mouth area: 8 m2), equipped with a flow meter, and towed obliquely from the surface to 
200 m. Ship speed during plankton net tows was 2-2.5 knots for an average duration of 45 
minutes. Pteropods were counted and identified to species level, placed in cryotubes, then stored 
in liquid nitrogen prior to analyses. Abundances of each species were quantified in terms of 
individuals per 1000 m-3 of seawater filtered.   
Size-fractioned particulate organic matter (POM) was retrieved from the ship’s underway 
water supply (~ 5 m depth) via large volume sequential filtration, pre-screened using an upstream 
47 mm-diameter, 1 mm filter mesh for zooplankton removal, and collected onto 25 mm-
diameter Sterlitech silver membrane (pore size = 1.2 µm) and Nitex filters (pore size = 210 µm). 
Two particle size fractions were analysed as ‘large’ > 210 µm and ‘small’ < 210 µm, 
predominantly phytoplankton. The large fraction on Nitex filters was cleanly transferred to silver 
membranes for analysis. Filters were acidified and air dried at 60 °C prior to stable isotopes 
analysis (SIA). 
 
3.5.2 SIA sample preparation 
Individual pteropods were rinsed in filtered seawater and weighed prior to drying in an 
oven for 24 h at 60 °C. Whilst previous research recommends acidifying thecosomatous 
pteropods to remove carbonate material that would otherwise bias stable isotopes results 
(Pomerleau et al., 2014), the pressure from the RMT8 sampling method completely stripped 
entire shells from most shelled pteropods, and we did not need to acid-treat our samples prior to 
further analyses as shell fragments could be easily removed using forceps. Individual dry weights 
were measured and samples were ground to powder using an agate mortar and pestle, then 
weighed into tin cups in preparation for isotopic analysis.  Since lipids may bias carbon isotope 
ratios (Post et al., 2007), a pteropod-specific correction offset value determined by Weldrick et 
al., (2019) was used to correct bulk samples. POM sample filters were acidified dried for 48 h at 
60 °C prior subsampling 5 mm diameter aliquots into silver capsules (Sercon SC0037). 
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3.5.3 Stable isotopes analysis 
Bulk carbon and nitrogen stable isotope ratios were obtained using an automated 
Elementar vario PYRO cube analyser (Langenselbold, Germany) interfaced with a continuous 
flow IsoPrime100 isotope ratio mass spectrometer (Cheadle Hulme, United Kingdom) for 
pteropods, and a Thermo Scientific Flash 2000HT analyser (Bremen, Germany) coupled with a 
Thermo Fisher Delta V Plus mass spectrometer through a Thermo Fisher Conflo IV for POM. 
For pteropods, SIA was performed at the Central Science Laboratory (CSL), University of 
Tasmania (Sandy Bay, Tasmania), and for POM, at the Australian Nuclear Science and 
Technology Organisation (ANSTO, Lucas Heights, Sydney). Isotopic ratios were expressed in 
delta (d) notation and reported as parts per thousand (‰) deviations from conventional certified 
isotopic reference standards, Vienna Pee Dee Belemnite (for carbon) and atmospheric air (for 
nitrogen) (DeNiro and Epstein, 1978). At CSL, laboratory working standards of sulfanilamide 
were repeated every 6th sample for both isotopes to measure instrument stability and precision. 
Average standard deviations on triplicate measurements were 0.15 ‰ and 0.19 ‰ for d13C and 
d15N values of pteropods, respectively.  At ANSTO, POM isotopic data are reported relative to 
IAEA secondary certified standards with a standard error of analysis to 1 standard deviation 
(SD) measured at ± 0.3 mil. The carbon and nitrogen percentages, by weight, were converted to 
atomic C:N ratios. 
 
3.5.4 Statistical analyses 
Data analyses were conducted using the statistical software R, version 3.4.0 (R 
Development Core Team, 2017). We used the Shapiro-Wilk’s and Levene’s tests on isotopic 
values (d13C and d15N) to assess normality and homogeneity of variance, respectively. A 
multivariate analysis of variance (MANOVA; using the manova function in base R) was also 
used to test for spatial (latitude, longitude, and site depth) and species effects (independent 
variables) on bulk isotopic values (dependent variables). Simple linear regressions were used to 
test the relationships between each isotopic values (d13C and d15N) and time, latitude, longitude 
and site depth, as well as relationships between body size and trophic position (lm function, base 
R). Intraspecific comparisons of niche metrics could not be conducted by site as sample sizes of 
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3.5.5 Niche dispersion metrics, trophic position, and body size 
Interspecies isotopic niche widths were estimated using the Stable Isotope Bayesian 
Ellipses package in R (SIBER) version 2.1.3 (Jackson et al., 2011). SIBER calculates bivariate 
standard ellipses corresponding to isotopic niches, and standard ellipse areas (SEA) representing 
standard deviation of the data. Standard area ellipses corrected for sample sizes (SEAc) were also 
calculated (Jackson et al., 2011). Interspecies dietary niche area overlaps were calculated using 
nicheRover in R version 1.0 (Swanson et al., 2014), which uses a Bayesian framework to produce 
probable pairwise comparisons between the niche region of each species combination. The niche 
region of a species was defined at 95 and 99 % probability that a species will be located within 
isotopic bivariate space; similarly, the niche overlap is defined at 95 and 99 % probability that the 
niche region of one species will overlap with that of another. 
We also calculated multiple probability estimates of the trophic positions of each pteropod 
species. Unlike the trophic level, which refers to categories of trophic modes based on integer 
values, the trophic position of a species is a continuous, numerical measure that represents the 
relative location of a particular species within a trophic hierarchy (Carscallen et al., 2012). 
Trophic positions were calculated for each pteropod species separately using the R package 
tRophicPosition version 0.7.5 (Quezada-Romegialli et al., 2018). This package calculates 
consumer trophic positions within a Bayesian framework based on the stable isotopes of both 
consumers and baselines as well as user-specified trophic enrichment factors (TEF). We adopted 
TEF values (± standard error) of 0.5 ± 0.13 ‰ for carbon (∆d13C values) and 2.3 ± 0.18 ‰ for 
nitrogen (∆d15N values) based on those measured for similarly sized marine gastropods 
previously reported in the literature (McCutchan et al., 2003). We also converted d15N values to 
trophic positions on specimens used to compare with body size. Body lengths (mm) from a 
subset of intact pteropods were measured using ImageJ/Fiji software (Schindelin et al., 2012). 
Results from individuals sampled for SIA were plotted against d15N values to determine the 
effect of body size on trophic position. 
 
3.6 Results 
3.6.1 Species abundance and composition 
One thecosome (shelled) and two gymnosome (shell-less) pteropod species were 
identified: Clio pyramidata, Clione limacina antarctica (hereafter referred to as C. pyramidata and C. 
antarctica, respectively), and Spongiobranchaea australis. C. pyramidata was the most abundant 
pteropod in the region, followed by the gymnosome species, with averages of 22 (maximum: 
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272) and 2 (maximum: 47) ind. 1000 m-3 , respectively. Relative abundances were 89.6% for C. 
pyramidata, 4.8% for C. antarctica, 0.4% for S. australis, and 5.2% for gymnosomes unidentified to 
species level that were not used in the subsequent SIA (Fig. 3.1). Latitudinal ranges were 
narrowest for S. australis (60.4 °S - 62.7 °S), followed by C. antarctica (61.4 °S - 67.0 °S), and C. 
pyramidata (57.7 °S - 67.0 °S).  
 
 
Figure 3.2 Relative abundance (size of circle, ind. 1000m-3) of pteropod species sampled 
from RMT8 plankton nets during the K-Axis voyage. Some gymnosome individuals were 
unable to be identified to species level and were not used in stable isotopes analysis. 
Large-fraction (triangles) and small-fraction (diamonds) are also featured here. 
Oceanographic features and front locations (dashed lines) determined by (Bestley et al. 
(2018) include: the southern ACC front (sACCf), the Southern Boundary (SB), the Antarctic 
Slope Front (ASF), and the Fawn Trough Current (FTC). Upper and lower dotted lines are 
October and January average sea ice extent, respectively. 
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3.6.2 Bulk isotopic values of pteropods 
d13C and d15N values were obtained from 185 individuals representing all three pteropod 
species from the RMT8 samples (C. pyramidata: n = 152; C. antarctica: n = 24; S. australis: n = 9). 
Pairwise comparison tests indicated significant differences among stable isotopic values 
associated with parameters tested (MANOVA, d13C and d15N values, p < 0.001; see Table B.1 in 
Appendix B). d13C values were strongly associated with spatial attributes, including latitude, 
longitude and depth modeled together. Variation in d15N values was primarily predicted by 
longitude and species. Linear regression models of species-specific relationships between each 
isotopic value versus spatio-temporal variables (date, depth, latitude and longitude) showed 
statistically significant positive relationships for the following: C. pyramidata between d15N and 
sampling dates and latitude (Figs 3.3 and 3.5, respectively), and between d13C and longitude (Fig 
3.6); and C. antarctica between d15N and d13C and sampling dates (Fig 3.3). Statistically significant 
negative relationships were measured for the following: C. pyramidata between d13C and sampling 
dates and longitude (Figs 3.3 and 3.6, respectively); and C. antarctica between d13C and longitude 
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Figure 3.3 Linear relationships between d13C (upper plots) and d15N (lower plots) and 
sampling dates. For C. antarctica: d13C, R2 = 0.50, p < 0.05, d15N, R2 = 0.34, p < 0.05; C. 
pyramidata: d13C, R2 = 0.21, p < 0.05, d15N, R2 = 0.06, p < 0.05; S. australis: d13C, R2 = 0.11, 
p = 0.35, d15N, R2 = -0.39, p = 0.85. 
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Figure 3.4 Linear relationships between d13C (upper plots) and d15N (lower plots) and depth 
(m). For C. antarctica: d13C, R2 = -0.05, p = 0.62, d15N, R2 = 0.14, p = 0.07; C. pyramidata: 
d13C, R2 = 0.006, p = 0.17, d15N, R2 = -0.006, p = 0.67; S. australis: d13C, R2 = -0.13, p = 
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Figure 3.5 Linear relationships between d13C (upper plots) and d15N (lower plots) and latitude 
(°S). For C. antarctica: d13C, R2 = 0.03, p = 0.24, d15N, R2 = 0.02, p = 0.27; C. pyramidata: 
d13C, R2 = -0.0001, p = 0.32, d15N, R2 = 0.04, p < 0.05; S. australis: d13C, R2 = -0.14, p = 
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Figure 3.6 Linear relationships between d13C (upper plots) and d15N (lower plots) and 
longitude (°E). For C. antarctica: d13C, R2 = 0.20, p < 0.05, d15N, R2 = -0.001, p = 0.34; C. 
pyramidata: d13C, R2 = 0.06, p < 0.05, d15N, R2 = 0.06, p < 0.05; S. australis: d13C, R2 = 0.07, 
p = 0.28, d15N, R2 = -0.11, p = 0.55. 
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Table 3.1 Bulk stable isotopes (d13C and d15N) signatures (± SD) averaged over all sampling sites and species, as well as results from the same 
Southern Ocean species from other studies. Some values are listed as approximate ranges where exact values and standard deviations are 
unavailable. 
Species Region n d13C  d15N Reference 
C. pyramidata S. Kerguelen Plateau 152 -28.1 ± 0.9 3.8 ± 0.6 This study 
Lazarev Seaa 6 ~-26 - -29.5 ~1-2 Hunt et al. 2008 
SW Indian Ocean, N of STC 3 -20.3 ± 0.5**  5.6 ± 0.2 Richoux and Froneman, 2009† 
SW Indian Ocean, mid-STC -- -20.7** 4.1 Richoux and Froneman, 2009† 
SW Indian Ocean, S of STC 2 -20.6** 0.4 ± 0.3 Richoux and Froneman, 2009† 
C. limacina  S. Kerguelen Plateau 24 -28.3 ± 1.1 4.5 ± 0.9 This study 
Lazarev Seaa 3 ~-28.5 - -29.7 ~2.5-3.7 Hunt et al. 2008 
E. Antarcticab 3 -30.8 5.1 ± 0.9 Jia et al. 2016 
S. australis S. Kerguelen Plateau 9 -27.9 ± 1.0 5.3 ± 0.3 This study 
Lazarev Seaa 3 ~-27.5- -30 ~5.5-6.5 Hunt et al. 2008 
Prince Edward Islandsc 3 -- ~2.8 – 3.5* Hunt et al. 2008 
aApril 2004 




†Study pooled thecosome pteropod species which included C. pyramida
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3.6.3 Between-species isotopic niche widths, overlap, and body size effects 
Between-species comparisons of pteropods revealed the largest mean total niche area was 
for C. antarctica (8.15 ‰2), followed by C. pyramidata (7.90 ‰2), and S. australis (4.19 ‰2) (Fig 3.7; 
Table B.2 in Appendix B). POM exhibited mean total niche areas of 1.86 ‰2 (large fraction; n = 
7) and 2.18 ‰2 (small fraction; n = 8). Mean (95 % credibility limits) standard ellipse areas (SEA 
and SEAc) between species showed the largest estimates for gymnosomes C. antarctica and S. 
australis (Fig 3.7; see Table B.2 in Appendix B). 
 
 
Figure 3.7 d13C-d15N biplot of isotopes values, standard ellipses (solid lines; 40 % 
probability level), convex hulls (dashed lines), and density plots (outer axes) for each 
pteropod species and large- and small-fraction (grey) POM. 
 
Probability niche overlap was high among all pteropod species (Fig 3.7, see Appendix B 
Table B.3), with the highest overlap observed between C. antarctica and C. pyramidata (85.6% at  
= 0.95; 95.0% at  = 0.99 probabilistic niche regions (PNR)), followed by C. antarctica and S. 
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australis (79.5% at  = 0.95; 89.9% at  = 0.99 PNR) and C. pyramidata and S. australis (48.0% 
at  = 0.95; 64.8% at  = 0.99 PNR). We found small niche overlap between C. pyramidata and 
large-fraction POM (0.19% at  = 0.95; 0.65% at  = 0.99) and small-fraction POM (0.14% at 
 = 0.95; 0.74% at  = 0.99). 
Only S. australis revealed a positive linear relationship between body length (mm) and d15N 
value, whereas the other two species, C. pyramidata and C. antarctica, showed negative 




Figure 3.8 Relationship between body length (mm) and trophic position of pteropods C. 
pyramidata, C. antarctica, and S. australis. Equations for regression lines are: C. 
pyramidata, y = 4.74 – 0.08x (n = 21, r2 = 0.17, p = 0.06); C. antarctica, y = 6.06 – 0.11x (n = 
17, r2 = 0.18, p = 0.09); S. australis, y = 3.88 + 0.10 (n = 9, r2 = 0.39, p < 0.05). 
 
3.6.4 Trophic positions 
Average and modal trophic positions were determined for all species (Fig. 3.9), with S. 
australis exhibiting the highest trophic position (TP average: 3.46 ± 0.18; TP mode = 3.39) 
followed by C. antarctica (TP average: 3.20 ± 0.17; TP mode = 3.12), and C. pyramidata (TP 
average: 2.84 ± 0.14; TP mode = 2.75). 
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Figure 3.9 Bayesian estimates of trophic position created from 20000 Markov Chain Monte 
Carlo iterations for each pteropod species. 
 
3.7 Discussion 
We hypothesized that Southern Ocean pteropods would reveal variability in isotopic niche 
areas that reflect a priori knowledge of species-specific feeding preferences, with specialists, the 
gymnosomes, exhibiting smaller niche areas than generalists, the thecosomes. We expected 
narrow isotopic niches for gymnosomes possessing monophagous diets, consisting of a single 
species or genus, with C. antarctica preferring to prey on Limacina spp. and S. australis preying only 
on C. pyramidata. Instead, we measured broader than expected isotopic niche areas for 
gymnosomes C. antarctica and S. australis, compared to the value estimated for thecosome C. 
pyramidata. The generally accepted idea that niche width positively correlates with diet breadth is 
based on a common assumption that has emerged from the niche variation hypothesis (Van 
Valen, 1965). Empirical work involving an isotopically heterogenous range of consumers has 
revealed broader isotopic niches occupied by populations of dietary specialists in relation to 
those of generalists (Flaherty and Ben-David, 2010). Modelling efforts focused on the isotopic 
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composition of marine assemblages have confirmed that estimations of an organism’s trophic 
niche can be confounded by isotopic variability in prey, regardless of both the source of isotopic 
variation and/or the diet behaviour (Cummings et al., 2012). Below, we discuss factors that may 
explain these patterns, but note that distinguishing among these mechanisms would require 
additional sampling and analysis and would be a fruitful direction for future work.  
The isotopic variation within pteropod species measured here suggests niche partitioning 
and could point to their distinctive functional traits as observed through anatomical structures 
associated with feeding. Thecosomes such as C. pyramidata particle feed on marine snow by 
deploying an external mucus web to capture suspended materials of all sizes, which are then 
transported to the mouth by ciliary pathways, where particle sorting and ingestion occur (Gilmer, 
1974; Gilmer, 1990). Gut content data from the Weddell Sea have revealed an omnivorous diet 
for C. pyramidata (Hopkins and Torres, 1989), corroborated by the broad range of d15N values 
measured within the present study. In contrast to thecosomes, the feeding apparatus of 
gymnosomes varies among species. C. antarctica possess six buccal cones that capture prey, and a 
series of hooks and the radula remove and swallow the soft tissue whole from the shell (Conover 
and Lalli, 1972), whereas S. australis captures prey using two lateral arms, each possessing a series 
of suckers (Lalli and Gilmer, 1989). Whilst both gymnosomes revealed broad d13C value ranges, 
which closely matched that of C. pyramidata, the variable ranges in d15N values displayed between 
each gymnosome may be a result of these species-specific feeding strategies.  
Published d13C-d15N biplots featuring Southern Ocean pteropod species place S. australis 
trophically higher than any other pteropod species common to the region (Hunt et al., 2008; 
Table 3.1). By our estimates, S. australis was one trophic level above its prey C. pyramidata, 
however despite obtaining a similar outcome to previous isotopic work evaluating the interaction 
between these two species (Table 3.1), these results alone cannot confirm a direct trophic 
relationship without supplemented by other lines of evidence, such as direct observation, genetic, 
and/or gut content analyses (Nielsen et al., 2018). More work is required to better understand 
prey size preference for this species. Meanwhile, C. pyramidata possessed a larger total niche area 
than those measured for gymnosomes, which likely reflecting omnivory.  
We predicted narrow isotopic niche widths for both gymnosomes relative to that of C. 
pyramidata; however, our results demonstrate significant trophic diversity not only between 
orders, but also between gymnosome species. For S. australis, this may be a function of latitude, 
as this least-abundant species was sampled within the narrowest latitudinal range, however linear 
relationships did not reveal any statistically significant spatial correlations. We expected the 
isotopic niche width of both gymnosomes to be narrow because of a priori knowledge of their 
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specialist feeding preference for thecosomes (Phleger et al., 1997). However, the niche width of 
C. antarctica was significantly broader along the d15N-axis than hypothesized, which might be a 
function of their wider geographical range within our voyage transect, relative to that of S. 
australis more commonly found north of the Polar Front (PF) and the northern extent of our 
sampling effort (Hunt et al., 2008).  
The unexpectedly wide niche area of C. antarctica might be a function of either diet 
switching to other unrecorded food sources, and/or driven by nutritional stress. One study 
posited that C. limacina diet may include other taxa when the preferred prey Limacina species are 
limited. DNA-based approaches used to investigate prey within Arctic C. limacina stomach 
contents revealed alternative prey items, such as amphipods and calanoid copepods (Kallevik, 
2013). Further, laboratory observations have demonstrated that C. limacina can survive between 
260 and 365 days without prey due to an adaptive ability to reduce body size and metabolic rate 
as a consequence of efficient utilization of lipids and phospholipids stores (Böer et al., 2007, 
2006; Falk-Petersen et al., 2001). However, no studies have tested how these changes affect C. 
limacina isotopically. Among the numerous studies examining how a range of nutritional stresses 
affect isotopic compositions of various animals, enrichment in 15N is the response most likely to 
confound interpretations of isotopic niches, particularly given that isotopic niche metrics rely on 
the assumption that inter-individual variability in enrichment between consumer and prey is 
insignificant (Karlson et al., 2018; McCue and Pollock, 2008). One experiment-based study on 
the amphipod Monoporeia affinis revealed wider niche widths among specimens exposed to 
nutrient and chemical stress relative to control animals (Karlson et al., 2018). It is understood 
that increases in isotopic niche areas are a function of inter-individual variability in the responses 
of consumers to stress exposure through changes in their metabolic pathways. Further 
laboratory testing is needed to understand how exposure to physiological stress, such as food 
limitation, can affect the magnitude of the isotopic compositions and niche metrics of C. 
antarctica, with special focus on the scale of individual. Furthermore, results of laboratory tests 
will need to be compared with in situ estimates of niche metrics taken from C. limacina sampled in 
years where prey species, L. helicina, were also abundant. 
  The qualitative concept of niche breadth can be fundamental to understanding the 
adaptive capabilities of an organism or assemblage, and is potentially useful for investigating 
responses of climate-driven changes to prey availability (Sexton et al., 2017). Recently, Henschke 
et al., (2015) employed isotopic niche analysis of co-occurring zooplankton and suspended POM 
assemblages from the Tasman Sea under three different oceanographic water types and found 
that omnivorous zooplankton became more carnivorous under low chlorophyll a conditions. 
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They concluded that niche breadth among different zooplankton groups was a function of the 
responses of phytoplankton and POM to oceanographic conditions. Narrower niches have been 
observed among CO2-enriched hydrothermal vent communities relative to controls, whereby 
near-future predicted pCO2 concentrations are directly associated with decreased higher trophic 
species diversity and simplified habitats (Agostini et al., 2018; Vizzini et al., 2017).  
Clione antarctica showed the highest average bulk C:N ratio (6.8 ± 1.4), which is lower than 
reported for spring to early summer 2012 (C:N = 10.2; Table 3.1) in East Antarctica (Jia et al., 
2016). Seasonal build-up of lipid deposits may be contributing to this difference, as C:N ratios in 
zooplankton are often positively related to lipid content (Syväranta and Rautio, 2010) which is 
depleted in 13C relative to carbohydrates and proteins (Tieszen et al., 1983). Empirical evidence 
has shown that lipid extraction has a significant influence on stable isotope ratios of Southern 
Ocean pteropods, including C. antarctica (Weldrick et al., 2019). Clione spp. have developed a 
unique metabolic adaptation through de novo biosynthesis of large deposits of 1-O-
alkyldiacylglycerol ethers (DAGE) for long-term energy storage (Kattner et al., 1998) necessary 
to cope with food limitation and overwintering survival (Böer et al., 2005; Phleger et al., 2001). 
Meanwhile, similar studies on S. australis (C:N = 5.1 ± 0.4, C content = 34.5 – 44.2 %; N content 
= 7.23 – 8.65 %) and its prey, C. pyramidata (C:N = 3.9 ± 0.3; C content = 24.9 – 41.2 %; N 
content = 5.4 – 10.4 %), have reported low to no levels of DAGE, respectively (Phleger et al., 
1999).  
Trophic positions of many aquatic species are, in many cases, more strongly predicted by 
body size than by taxonomy (Jennings et al., 2001; Soler et al., 2016) and distinctive feeding 
strategies specialize ontogenetically for many Southern Ocean zooplankton (Schmidt et al., 2003; 
Zhang et al., 2017). Generally, food preference in pteropods varies with age and season, and 
depends on food particle size and availability; with veliger- and juvenile-aged thecosomes 
primarily relying on marine POM, and adults consuming a largely diatom-based diet in spring 
and summer ahead of a switch to detrital materials between late autumn and winter when 
phytoplankton blooms are depleted (Gannefors et al., 2005; Manno et al., 2010). As our study 
focused on macrozooplankton greater than 2000 µm, we only present adult stages for each 
species, and further research is required to explore size-trophic position relationships that also 
incorporate earlier life stages. 
For C. pyramidata, we did not observe an increase in trophic position with body size that 
would signify a possible shifting from herbivory to omnivory. Positive correlations between C. 
pyramidata abundance and phytoplankton blooms have been linked to high ingestion rates, with 
pteropods contributing up to 53 % to total grazing impact within the Spring ice edge whilst 
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contributing only 13 % to total biomass in the region (Pakhomov and Froneman, 2004). Gut 
content analyses from Weddell Sea specimens showed C. pyramidata f. sulcata diets primarily 
composed of diatoms, however larger motile organisms such as tintinnids, foraminiferans, 
copepods and polychaetes appeared in larger sized C. pyramidata, pointing to omnivorous feeding 
habits (Hopkins and Torres, 1989). Fatty acid profiles linked to crustacean biomarkers have also 
been measured in C. pyramidata from the Antarctic Peninsula (Phleger et al., 2001).  
For gymnosomes, our results imply a continuous change in dietary preference throughout 
adult stages, which may vary spatially and depend on prey availability. A laboratory-based feeding 
experiment using Arctic C. limacina sampled in mid-summer measured low prey assimilation rates 
that increased towards the end of the experiment (Boissonnot et al., 2019). Results from their 
study suggested that sampling period overlapped with a seasonal period of low prey availability 
followed by high reproductive activity and subsequent body shrinkage. Among the RMT1 
samples taken from the same research program (K-Axis) analyzed here, Matsuno et al. 
(submitted) identified and counted L. helicina, the preferred prey of C. limacina, however all 
specimens were juveniles with an average shell diameter of 0.4 ± 0.1 mm (see Table B.4 in 
Appendix B), and laboratory-based feeding experiments have shown that adult C. antarctica rarely 
consume L. helicina smaller than ~1 mm (Conover and Lalli, 1972). For C. antarctica, the negative 
relationship between trophic position and body size measured here could point to stress-induced 
isotopic enrichment within nutrient-limited body tissues causing body shrinkage (Boag et al., 
2006). However, while this result aligns with the wider than expected niche width obtained for 
this species, the relationship was not statistically significant and conclusions cannot be drawn 
from this result. 
Pteropod abundances throughout the Southern Ocean indicate highly variable yet 
sometimes dominant densities, and in proportion to other zooplankton groups, contributing up 
to 93 % of total macrozooplankton (Hunt et al., 2008), and strongly tied to El Niño events, sea 
ice retreat, and the presence of prey (Thibodeau et al., 2019). Our maximum abundance of 272 
ind. 1000 m-3 for C. pyramidata is within the range of 2—996  ind. 1000 m-3 previously recorded 
for other macrozooplankton samples (4.5 mm mesh size) throughout the Southern Ocean (Hunt 
et al., 2008). Maximum abundance for both gymnosome species combined, 47 ind. 1000 m-3, was 
high compared to macrozooplankton samples throughout the Southern Ocean, including the 
maximum abundances ranging 2.0—27 ind. 1000 m-3 of gymnosome species combined (Hunt et 
al., 2008).  
Linear regressions revealed a statistically significant positive relationship between d13C and 
longitude for C. pyramidata, which may relate to the cluster of enriched values overlapping the 
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same region (just north of the sACCf on the Plateau) we measured high abundances of this 
species, towards the eastern flank of the Plateau. Particulate organic nitrogen (PON) 
measurements revealed enriched values along this region, indicating nitrate uptake which 
suggests new production was occurring here (Schallenberg et al., 2018). However, we also 
detected a statistically significant negative relationship between d13C and longitude for C. 
antarctica, whose highest abundances generally overlapped with those of C. pyramidata. A weakly 
positive significant linear relationship was measured between d15N and latitude for C. pyramidata, 
who displayed gradients of isotopic enrichment from deeper regions of the transect towards the 
coastlines and towards shallower areas towards Banzare Bank, at 60°S and 80°E. Regions along 
the transect where abundances were lowest (between 70°E to 80°E) overlapped with the lowest 
d13C and d15N values measured for all species, combined. Incidentally, this region, which covers 
the western area of the Plateau, also measured the most 15N-depleted in PON, suggesting 
nitrogen recycling and ammonia uptake (Schallenberg et al., 2018). 
The pteropod species sampled from the southern extent of the Kerguelen Plateau are 
among the four common species regularly found south of the PF (Loeb and Santora, 2013). The 
notable absence was that of adults of the most common thecosome species, L. helicina antarctica, 
and could be a result of environmental factors affecting primary productivity. A similar absence 
was first documented in McMurdo Sound in December 2001, a year following a 50 to 75% 
reduction in phytoplankton biomass and high sea ice cover which resulted in nutrient stress-
related decreases in metabolic rates in both L. helicina antarctica and its monophagous predator C. 
antarctica (Seibel and Dierssen, 2003). In 1989, low densities were also recorded in the East 
Antarctic and may be attributed to low chlorophyll a biomass resulting from late winter sea-ice 
retreat (Hunt et al., 2008). Satellite observations for the region and period surveyed here 
exhibited comparatively low average chlorophyll a concentration, ranging from 0.45 to 0.55 mg 
m-3 (see Fig. B.1 in Appendix B for monthly interannual time series (2008-2017) of average 
chlorophyll a concentration from satellite observations). However, in 2015, the Kerguelen 
Plateau region experienced lower than average maximum chlorophyll a concentration (<0.5 mg 
m-3) preceded by much lower averages (<0.3 mg m-3) since December 2012. These values are less 
than the lowest value of 1.0 mg m-3 observed by Seibel and Dierssen (2003) the year prior to 
their observed absence of L. helicina. It is possible that with chlorophyll a concentration 
decreasing to less than 0.8 mg m-3 since 2008, this region may not provide enough resources to 
sustain growth and development of L. helicina assemblages beyond juvenile stage.  
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3.8 Concluding remarks 
While the Southern Ocean supports a range of diverse ecosystems, it is also among the 
most rapidly changing regions on a global scale, and it is an ongoing challenge to predict how 
these ecosystems and species will respond (Murphy et al., 2012). Climate-driven changes in 
ocean temperature, ocean frontal positions, seasonal ice cover, and CO2 uptake are expected to 
significantly alter abundance, distribution, and trophodynamics of key polar organisms 
(Constable et al., 2014), including pteropods, as a response to changing metabolic fitness, prey 
availability and diversity, and competition. Given the complex spatial and temporal dynamics of 
the Southern Ocean, future research focused on understanding species responses due to human-
induced physical and chemical changes need to be small scale and regionally comparative (Allan 
et al., 2013). Monitoring variation between pteropod species in their isotopic niches coupled with 
their regional abundance and distribution could play a key role in understanding oceanographic 
and ecological drivers of change, for instance, due to their intraspecific reliance on sea ice 
primary production (Jia et al., 2016), and close associations with ocean frontal zones and 
biogeochemical provinces (Burridge et al., 2017). Additionally, such work will need to account 
for the magnitude of phenotypic plasticity in pteropods, including if and how their metabolic 
responses to multiple stressors of climate change are driving variability in isotopic niches. The 
work presented here concludes that isotopic niches in Southern Ocean pteropod communities 
are not merely driven by diet diversity nor follow the niche variation hypothesis of Van Valen 
(1965). To our knowledge the present study represents the first comprehensive assessment 
involving measurement and interpretation of isotopic niche widths among pteropod 
assemblages. Our findings highlight the utility of employing isotopic niche metrics and 
dispersion analyses to reconstruct the trophic structure of co-occurring Southern Ocean 
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Figure 4.1 Graphical abstract for Chapter 4. 
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Highlights
• In both experiments, highest abundances were measured for veliger-aged L. helicina relative to all 
species and age classes.
• An intra-seasonal growth rate for veligers measured 0.01 mm d-1.
• Temporal swimmer flux rates ranged 121-2652 m-2day-1 at 53 m; vertical flux was 960 m-2day-1 at 57 m 
depth, and 6692 m-2day-1 at 90m depth.
• Fluorescence and sinking POC and PIC had the most explanatory power for abundances of shallow 
water age and species classes of pteropods.
2 sediment traps were retrieved by the 
TRV Umitaka-maru after 24-hrs and one 
month of sampling
Generalized linear models were constructed using a 
suite of environmental and ecological covariates to 
test potential drivers of spatial abundance
For each experiment, species and 
age composition and abundance 
(flux) were estimated from active 
swimmer and passive sinking 
samples
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4.3 Abstract 
In the Southern Ocean, pteropods play an important role in biogeochemical cycling, and 
sediment traps are a valuable tool for quantifying this role through the collection of passively 
sinking matter from productive surface waters to deep sea layers. However, observations of 
‘swimmers’ (e.g. organisms that actively swim into traps) can also prove valuable in studying 
zooplankton community structure. In this study, population and flux dynamics of pteropods 
were analysed from two separate sediment trap experiments during the 2016-17 summer. In both 
experiments, highest fluxes were measured for veliger-stage Limacina helicina antarctica (0.09 – 0.3 
mm) relative to all species and age classes. Increases in shell diameters of veligers in all traps over 
time allowed enabled the calculation of an intraseasonal growth rate of 0.0068 mm d-1. Swimmer 
flux rates ranged from 121 to 2674 ind. m-2 d-1 at 53 m depth, and vertical flux measured 960 ind. 
m-2 d-1 at 57 m depth and 6692 m-2 d-1  at 90 m depth. Among a suite of environmental and 
biological covariates tested, fluorescence and sinking particulate organic and inorganic carbon 
(POC and PIC) had the most explanatory power for the abundances of shallow water pteropod 
age class and species composition. Gymnosome abundances were largely influenced by 
increasing adult L. helicina antarctica counts. Changes to pteropod population and community 
dynamics in response to near-future climate change will have cascading effects throughout 
Antarctic epipelagic food webs, and these results provide a small-scale regional snapshot of 
patterns in structure and sedimentation from an under-surveyed region of the Southern Ocean. 
 
4.4 Introduction 
Pteropods are marine holoplanktonic gastropods with a cosmopolitan distribution 
(Bednaršek et al., 2012a; Hunt et al., 2008). There are two clades: thecosome pteropods, which 
possess aragonite shells and gymnosome pteropods, which, as adults, do not (Lalli and Gilmer, 
1989). In the Southern Ocean, periods of increased thecosome abundance can significantly 
impact ecological functioning of Antarctic and sub-Antarctic ecosystems, providing food for 
higher trophic levels, top-down control of primary producers, and contributions to 
biogeochemical organic and inorganic carbon cycles (Elliott et al., 2009; Hunt et al., 2008). 
Thecosome pteropods are recognized as early responders to ocean climate change due to the 
damaging effects of ocean acidification on their aragonite shells (Bednaršek et al. 2017; Manno et 
al. 2017). Estimating and monitoring pteropod diversity, life history, and vertical flux over 
varying spatial and temporal scales will help improve understanding of the magnitude of their 
ecological roles, particularly in polar regions that are undergoing anthropogenic changes in 
marine chemistry.  
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Many large planktonic microphages contribute significantly to the organic carbon transport 
to the deep sea, particularly during blooms. As marine calcifiers, thecosomes facilitate direct, 
downward fluxing of both particulate organic and inorganic carbon to the mesopelagic zone 
through three mechanisms (Manno et al., 2017): (1) they can repurpose organic matter from 
grazing into faecal pellets (Manno et al., 2010); (2) the mucous webs they use for feeding are 
discarded, likely in response to predation, along with the aggregated organic particles adhered to 
them (Noji et al., 1997); and (3) they undergo interannual mass mortality events that export large 
concentrations of both organic soft tissues and inorganic aragonite shells (Manno et al., 2007). 
Thecosomes thus contribute to both biological carbon and the calcium carbonate counter 
pumps, causing either removal or release of CO2 to and from the atmosphere (Manno et al., 
2018). The role that thecosomes play in regulating the balance between the two outcomes results 
from both the deep-sea export and production of particulate inorganic carbon (PIC) from 
CaCO3 shells. 
Sediment trap samples are routinely used for estimating carbon flux, including identifying 
regional influences on marine food webs and the global biological carbon and carbonate counter 
pumps (Buesseler et al., 2007; Manno et al., 2010, 2007; Rembauville et al., 2016). They can be 
used for longer-term monitoring studies in pelagic environments at depths not easily or regularly 
accessible (Makabe et al., 2016). Many pteropod-focused sediment trap studies from the 
Southern Ocean concentrate efforts on estimating carbon and carbonate flux potential primarily 
through the analysis of aragonite shells and faecal pellets (Manno et al., 2010; Roberts et al., 
2011; 2014; Teniswood et al., 2016), but intentionally remove ‘swimmers’ prior to analyses as 
they are treated as sinking particles (Table 4.1). Swimmers are live zooplankton that are 
suspected to actively swim into trap cups, and most trap-based studies regard them as 
contaminants, as they confound quantitative measurements from passively sinking particles, 
which should only include faecal pellets, detritus, and mucous webs, that flux from productive 
surface layers to the deep sea (Buesseler et al., 2007; Michaels et al., 1990). Swimmers are often 
difficult to distinguish from passive particles (Accornero et al., 2003; Knauer et al., 1984; 
Michaels et al., 1990). Diel vertical migration by pteropods means that species exist throughout 
in the mesopelagic zone, however highest densities are generally found within the upper 50 m 
(Hunt et al., 2008), thus their presence in shallow water traps may provide valuable insights into 
estimations of abundance, composition, and population dynamics that are commonly estimated 
through more traditional net-caught sampling techniques (Matsuno et al., 2014). 
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Table 4.1 Details of peer-reviewed pteropod-focused sediment trap studies. 




Abundance and POC 
biomass 




70 2010 Akiha et al., 
2017 
Sargasso Sea Seasonal flux Euthecosomes, 
multiple species 
Swimmers 3200 ± 100 
below surface; 





et al., 1988 
Norwegian Sea Autumn sedimentation  L. retroversa Sinkers and 
swimmers 
50, 100, 250, 
500, 1000, 1300 




Long term patterns in 
sedimentation 
Limacina spp. Sinkers and 
swimmers 




Long term patterns in 
sedimentation 
Limacina spp. Sinkers and 
swimmers 
Multiple, 80 - 
2565  
2008-2012 Busch et al., 
2015 
North Pacific Species-specific variability in 




Swimmers 100, 400 1981 Grossman et 
al., 1986 
Greenland Estimating sediment traps as 
attractants to swimmers 
Limacina spp. Swimmers 
and sinkers 
25 1985 Harbison and 
Gilmer, 1986 
Subantarctic Seasonal flux Euthecosome 
pteropods and 
heteropods 
Sinkers 2100 2003-2004 Howard et al., 
2011 
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Western 
Sargasso Sea 
Species-specific variability in 
d13C and  d18O from shells 




500 1991-1992 Juranek et al., 
2003 
Terra Nova Bay Estimate effect of carbonate 
saturation state on shells 
L. helicina Sinkers 260, 880 1999, 2000, 
2003 
Manno et al., 
2007 
Terra Nova Bay Quantification of flux from 
faecal pellets 
L. helicina Sinkers 180 1998-2001 Manno et al., 
2010 
Norwegian Sea Carbonate and individual flux 
rates, d18O from shells  





sea floor (depths: 
1700 m and 2800 
m) 




Abundance, carbonate, and 
organic carbon flux 
Euthecosomes, 
multiple species 
Sinkers 919 1993 Mohan et al., 
2006 
Subantarctic Diversity, preservation state, 
and shell flux above and 




Sinkers Above 1000, 
below 2000 
1997-2006 Roberts et al., 
2011 
Subantarctic Long term shell mass and 
number flux 




9-month time series of 
numerical and mass flux 
Euthecosomes, 
multiple species 
Sinkers 1032 1992-1993 Singh and 
Conan, 2008 
Subantarctic Microstructure of shells L. helicina antarctica Sinkers and 
swimmers 
2000 1997/1998 Teniswood et 
al., 2016 
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Studies comparing both net- and sediment trap samples have revealed significant 
correlations in abundance for pteropods, thus demonstrating the utility of sediment traps as an 
alternative or supplement to traditional net-sampling (Almogi-Labin et al., 1988; Makabe et al., 
2016). Almogi-Labin et al. (1988) found that the spring arrival of pteropod shells to traps 
seasonally matched both the composition of the net-sampled living communities and the peak 
food availability observed at the surface. Furthermore, sediment traps can sample continuously, 
which is particularly effective in estimating how depth-stratified environmental and ecological 
properties influence the vertical structure of shallow water zooplankton compositions over 
varying time scales (Willis et al., 2006).  
Both swimmer and sinker specimens have been used in long-term sediment trap studies to 
observe sedimentation patterns in Arctic Euthecosome pteropods (Bauerfeind et al., 2014; Busch 
et al., 2015). These studies have revealed significant interannual changes in pteropod species 
composition, including communities once dominated by cold-water adapted L. helicina shifting 
towards communities dominated primarily by the subarctic L. retroversa in later sampling years. 
Furthermore, long term length-frequency data of trap-caught amphipod swimmers have enabled 
the calculation of life spans for Arctic species, Themisto compressa and T. libellula (Kraft et al., 
2012). Similar life cycle patterns have only previously been assessed using pteropods sampled 
from plankton nets possessing mesh sizes of 50 – 150 µm (Bednaršek et al., 2012c; Wang et al., 
2017), a range of which is sufficient to capture all life stages though not commonly used in polar 
zooplankton research (Ashjian et al., 2003; Hopcroft et al., 2005). 
The need to gather early age population structure data on Southern Ocean pteropods 
stems from growing research reporting harmful effects on ontogenetic development caused by 
multiple stressors of anthropogenic climate change (Comeau et al., 2012; Thabet et al., 2015). 
Gardner et al. (2018) found high larval mortality and shell malformation and dissolution in 
laboratory-cultivated L. helicina antarctica veligers exposed to increased temperature and aragonite 
undersaturation. L. helicina shell diameters were measured to assess age structure, early 
development, and possible timing of spawning events, all data contributing to a valuable baseline 
from which to monitor spatial and temporal changes to early life stages of a species highly 
sensitive to environmental changes.  
The Japanese Antarctic Research Expedition (JARE) has been conducting oceanographic 
data and plankton sampling along the 110°E meridian within the Indian sector of the Southern 
Ocean since 1987 (Moteki et al., 2017). In this region, observations from one long-term time-
series dataset have revealed considerable interannual variation in Euthecosome pteropod 
abundances, with samples consistently dominated by L. helicina antarctica possessing average shell 
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sizes between 150 µm and 300 µm (Nishizawa et al., 2016). These observations were based on 
individuals sampled using plankton nets of 110 µm mesh size and were therefore unable to 
account for early life stages (< 110 µm). In this study, both passive sinking and active swimmer 
pteropods from two sediment trap sampling events were analysed as a means to determine 
spatial and temporal variation in community structure of pteropods. The identity of 
environmental and ecological covariates that may drive pteropod assemblages were also sought 
within this Chapter. 
 
4.5 Methods 
4.5.1 Field sampling 
Two separate sampling experiments were performed within the Indian sector of the 
Southern Ocean, both located north of the Southern Boundary of the Antarctic Circumpolar 
Current (SB-ACC) front (Orsi et al., 1995; Sokolov and Rintoul, 2009). Two GPS-equipped 
surface drifters attached to sensors and time-series sediment traps (Nichiyu 7S; 0.02 m2 aperture) 
were deployed to collect zooplankton swimmers and sinking particles at two sites for different 
durations and depths (Fig. 4.2). The first drifter was deployed during the Southern Ocean cruise 
of the ice breaker Shirase as part of the 58th Japanese Antarctic Research Expedition, then 
retrieved during the Southern Ocean research voyage aboard the Tokyo University of Marine 
Science and Technology (TUMSAT) training vessel Umitaka-maru. The second drifter was 
deployed and retrieved during the Umitaka-maru cruise. These traps thus provide one month of 
continuous pteropod sampling, followed by another sampling time point 10 days later during the 
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start of austral summer.
 
Figure 4.2 Positions of drifter1 and 24-hr (diamond) sediment traps. Numbers in bottom 
legend refer to each drifer1 sediment trap cup. 
 
The first, 7-cup sediment trap (“drifter1”) sampled from 10 December 2016 until 7 
January 2017 (109.9 °E, -63.5 °S). Attached to it at various depths was a series of sensors 
collecting oceanographic data including temperature, salinity, and in situ fluorescence (Table 4.2; 
see Table C.1 in Appendix C for details of each sensor and trap). Each cup sampled every 4 days, 
and at an average depth of 52.7 ± 0.2 m (Table 4.2). Previously acquired long-term temperature-
salinity profiles at 110 °E and 64 °S have identified a seasonal surface mixed layer shallower than 
50 m between December and January (Nishizawa et al., 2016), and this depth was chosen as cups 
could capture export production. Cups were initially filled with filtered seawater containing 
neutral Lugol’s solution (final conc. 5%, salinity ca. 50 NaCl). The drifter1 buoy was recovered at 
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106.2 °E, -63.2 °S on 14 January 2017 and sampling cups were kept in darkness at 4 °C until 
analyses in Tachikawa, Japan. 
 
Table 4.2 Location, depths, dates, and environmental variables recorded for all time-series 
sediment trap (drifter1) sampling cups. (± standard deviation shown in parentheses). 
 Cup 1 Cup 2 Cup 3 Cup 4 Cup 5 Cup 6 Cup 7 
Latitude (°S) -63.4  -63.3  -62.9  -62.9  -63.0  -62.6  -62.7  


















Start 10/12 14/12 18/12 22/12 26/12 30/12 3/1 










































The second sediment trap (“24hr”) was deployed on 17 January 2017 (110.0°E, 63.5°S). It 
was secured to a GPS buoy along with a CTD (Seabird SBE-37+©), and fitted with a series of 
sensor frames at 4 depths, and an Aquadopp acoustic doppler current profiler (ADCP) at 65 m 
depth (see Table C.1 in Appendix C for more details on trap and sensor equipment). Also 
attached to the trap were 4 sampling cups: with 2 cups each positioned at 57 and 90 m depths. 
The trap was recovered after 24-hours, on 18 January 2017 (109.9°E, 63.4°S). A CTD cast 
before deployment was conducted to determine trap and sensor depths. The shallower trap (57 
m) was positioned just below the subsurface chlorophyll maximum layer, and the deeper trap (90 
m) was positioned just below the temperature minimum layer, which is considered the winter 
mixed layer. On a seasonal scale, this winter maximum layer is equivalent to the maximum depth 
of the surface mixed layer, and carbon sequestration from this layer is assumed to have vertically 
fluxed approximately one or more years ago. Prior to deployment, sample cups were filled with 
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filtered sea water with the addition of NaCl (50 PSU in salinity) and, upon retrieval, maintained 
at 4°C until analyses. One sampling cup per each “24hr” depth was preserved with neutralized 
5% (v/v) buffered formalin-seawater while the other cups from each depth were filled with 5% 
neutral Lugol’s solution. Whilst I conducted swimmer analyses using both preservatives, the 
purpose of using each was for another study (Sano et al., in prep), and inconsequential to this 
study. 
 
4.5.2 Swimmer size and flux estimates 
All species of pteropod swimmers were removed from the whole sinking POM sample, 
then identified to the highest taxonomic level and enumerated (following Lalli and Wells (1978)) 
using a Nikon SMZ18 stereomicroscope. The number of empty shells were also noted.  Both 
intact individual pteropods and empty pteropod shells were placed on petri dishes and 
photographed using a Nikon DS-Fi2 CCD camera mounted to the stereomicroscope in 
connection with the NIS-Elements software (version 4.30, Nikon Instruments, Japan). Shell 
diameters (in mm) of Limacina helicina antarctica were measured following Bednaršek et al., (2012b) 
for L. helicina antarctica from the Scotia Sea. To measure shell diameter from images, I used the 
open-source image analysis software, ImageJ/Fiji (Schindelin et al., 2012). I classified 
developmental stages based on shell diameters, whereby veligers, immature juveniles, and adults 
are <0.3, 0.3-4.0, and >4.0 mm, respectively (Lalli and Wells, 1978). It is important to note that 
this classification was previously determined for Arctic L. helicina, which may possess different 
growth rates to the Antarctic species sampled within this study.  
Swimmer abundance was expressed as swimmer flux (ind. m-2 d-1) and calculated by the 
following equation: 
 
 !	# 1% # 10.02			 (1) 
 
where N is the number of individuals per sample, d is the number of sampling days, and 0.02 
(m2) is the mouth area of each sediment trap. 
 
4.5.3 Sinking POM sampling 
While at sea, seawater was collected at 8 m from the underway pump, at the surface by 
bucket, and at 50 m using Niskin bottles and a bucket. For sinking POM, samples preserved with 
5 % neutral Lugol’s solution were initially stored at 4 °C while at sea, then filtered onto pre-
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combusted GF/F filters and desalinated using a drop of ultrapure water in the laboratory. 
Filtered samples of sinking POM were exposed to HCl fumes for 24 hours to remove inorganic 
carbon fractions, then dried at 60°C for another 24 hours.   
 
4.5.4 Sinking PIC, POC and PON 
After removal of all swimmers, samples were divided into several aliquots using a Motoda-
box plankton splitter (Motoda, 1985) for chemical measurements, including particulate organic 
carbon and nitrogen (POC and PON, respectively) and microscopic analysis of sinking particles. 
Analyses of POC and PON concentrations were performed using a mass spectrometer (Callisto 
CF-IRMS, SerCon, UK). Sinking POC and PIC were determined using the same method as 
sinking POM, but without exposure to HCl fumes. Sinking PIC was calculated by subtracting 
organic carbon from total particulate carbon. Most of the PIC contents here were composed of 
foraminiferans, as all pteropod and ostracod specimens were identified as swimmers and had 
been removed. Furthermore, no coccolithophores were detected in any of the sediment trap 
samples (Ayuko Kagesawa, personal communication). 
 
4.5.5 Cohort analysis and daily growth rate estimates 
Cohort generations of L. helicina antarctica were determined using the package mixdist v.0.5-
4 (Macdonald and Du, 2015) in R (R Development Core Team 2018). I used 726 shell length 
measurements pooled from all sediment trap samples to construct length-frequency histograms 
from which discrete modal peaks were identified, by mixdist, using finite mixture distribution 
modelling. Each modal peak was assumed to represent a distinct spawning event.  
The average intra-seasonal daily growth rate (mm d-1) of veliger L. helicina antarctica was 
calculated by taking the difference in average shell length (in mm) between each two consecutive 
time steps (i.e. trap cups) divided by the length of time (in days) between time steps. Maximum 
intra-seasonal daily growth rate was calculated by subtracting the minimum shell length in the 
earliest trap from the maximum shell length from the final trap sample, following Bednaršek et 
al. (2012b) for net-sampled L. helicina antarctica from the Scotia Sea. These calculations assume all 
species represent an homogeneous population, unaltered by recruitment or emigration. 
 
4.5.6 Egg mass morphometric analyses 
A series of morphometric measurements was conducted on pteropod egg masses to 
identify patterns in fecundity throughout both sediment trap experiments in this study. Egg 
masses were placed on glass petri dishes and photographed using the same protocol used for 
Chapter Four 
  70 
shell diameter measurements. ImageJ/Fiji freeware was used to conduct morphometric analyses 
and ontogenetic determination of pteropod eggs, including clutch length (CL), clutch area (CA), 
clutch-to-egg ratio (C:E), egg count (EC) and area (EA) from each photograph. Ontogenetic 
stages of egg development were identified following Wakabayashi, (2017) and Thabet et al., 
(2015) for similar pteropod species. Fecundity rate was calculated as the number of eggs per egg 
mass. 
 
4.5.7 Statistical analyses 
All statistical analyses were performed using RStudio, version 1.1.442 (R Development 
Core Team 2018). Analysis of variance (ANOVA) and post-hoc Tukey Honest Significant 
Difference (HSD) tests were performed to measure differences in total pteropod flux between 
each drifter1 sampling cup and within pteropod swimmer composition. F-tests were used to test 
for differences in variances between the two sample sets, with respect to depth or preservation 
techniques. Significance for these tests was based on p value < 0.05. Environmental data for each 
time-step (cups in drifter1) were summarized (Table 4.2), and means were tested for statistical 
differences using Welch’s t-test, due to heterogeneity of variances.  
 
4.5.8 Covariate selection and generalized linear modeling 
Generalized linear models (GLMs) were developed to explore how environmental, 
ecological, and spatial explanatory covariates influence pteropod swimmer abundance (flux) for 
all species and age classes. Despite measuring low abundances for some groups in this study (see 
Results), all pteropod species and age classes were included due to the need for baseline data 
given their vulnerability to multiple stressors of climate change (Bednaršek et al., 2016). 
Environmental covariates included fluorescence, salinity, and temperature. Fluorescence was 
selected as an estimate of chlorophyll a, which was used here as a proxy for phytoplankton 
biomass, and thus food for the thecosomes (Noji et al., 1997; Seibel and Dierssen, 2003). Salinity 
was selected as it may exert a secondary influence on L. helicina antarctica densities through its 
direct effect on its food source, sea ice algae (Jia et al., 2016; Ryan et al., 2011). Temperature was 
chosen as previous research has identified all age classes of thecosome pteropods to be 
particularly vulnerable to ocean warming (Bednaršek et al., 2016) and it is believed that latitudinal 
distributions will shift in response to Southern Ocean warming (Mackey et al., 2012). Based on 
predator-prey interactions between Southern Ocean gymnosomes, Clione limacina antarctica and 
Spongiobranchaea australis, and thecosomes, Limacina helicina antarctica and Clio pyramidata, 
respectively (Hunt et al., 2008), ecological covariates included gymnosome densities (for 
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thecosome models only), thecosome densities (for the gymnosome model only), and densities of 
other zooplankton species collected from the sediment traps. Other covariates related to 
potential prey for primary consumers, including particulate inorganic and organic carbon, were 
used in model building. Spatial covariates, including latitude, longitude, and depth, all averaged 
for each cup, were used because they were found to drive spatial patterns in egg masses (Chapter 
5). A priori hypotheses related to drivers of shallow water densities of Southern Ocean pteropod 
species informed covariate selection. I employed a negative binomial distribution and log-link 
function to correct for overdispersion detected within the data, using the MASS and AER 
packages in R (Kleiber and Zeileis, 2008; Venables and Ripley, 2002). The most parsimonious 




4.6.1 Time series and age composition 
The composition of all pteropod species and age classes collected from the time-series 
sediment trap (drifter1) was variable, and included veliger (81.9 %), immature juvenile (3.2 %) 
and adult Limacina helicina antarctica (10.1 %), juvenile Clio pyramidata f. sulcata (1.7 %), juvenile 
gymnosomes (indeterminate species, 1.6 %), and egg masses (1.5 %). Sizes of L. helicina antarctica 
ranged from 0.091 to 6.708 mm, and, given this relatively large maximum size and geographic 
location, is likely to be morphotype L. helicina antarctica f. antarctica (van der Spoel et al., 1999). 
Notably, there were no individuals sampled with shell diameters falling between the maximum 
value for L. helicina antarctica juveniles, 0.43 mm, and the minimum value for L. helicina antarctica 
adults, 3.38 mm. Adult L. helicina antarctica were only found from 22 December to 8 January. 
The total swimmer flux of all pteropod species and age classes throughout the drifter1 
sampling period was 2673.6 ind. m-2 d-1 (Fig. 4.3a-c; Table C.2 in Appendix C). The highest total 
flux among age and species classes was comprised of veligers (< 0.3 mm) in all but one of the 
sample cups [F(5,36) = 4.15, P = 0.004]. In sample cup 4 (22-25 December), adult L. helicina 
antarctica were most abundant of all species and age classes collected. Though not significant, the 
highest pteropod swimmer flux (2469.6 ind. m-2 d-1) was observed in sample cup 7 (3-8 January), 
and 92.4% of this total was composed of L. helicina antarctica veliger age class [F(6,35) = 0.775, P 
= 0.60]. The lowest period of pteropod flux (120.8 ind. m-2 d-1) was observed in the first sample 
cup (10-13 December). 
Average chlorophyll-a concentration was highest (>2 µg L-1) during 14-18 December 
sample period (cup 2; Fig. 4.3a), then strongly decreased to <1 µg L-1 between 18 to 22 
Chapter Four 
  72 
December (cup 3; Fig. 4.3a) where it remained throughout the remainder of the experiment. 
Average temperature steadily increased throughout the sampling duration, starting at -0.7 °C ( ± 
0.2 °C; Fig. 4.3b) and reaching to 0.5 °C ( ± 0.4 °C; Fig. 4.3b) by the end of the drifter1 
experiment. As for biogeochemical results, sinking POC spiked (62 mg C m-2 d-1) during 14-18 
December (cup 2; Fig. 4.3c) before decreasing just below 20 mg C m-2 d-1 by 22 December, 
where it remained for the duration of the experiment. Also during 14-18 December (cup 2; Fig. 
4.3c), sinking PIC measured lowest (-4.4 mg C m-2 d-1) but remained below 6 mg C m-2 d-1 




Figure 4.3 Pteropod (swimmer) flux (ind. m-2 d-1) of all species and age classes observed at 
~52 m for each sampling cup from 10 December 2016 – 7 January 2017. Environmental 
and physical parameters (lines) measured for each cup were: (a) average Chla, (b) 
temperature, and (c) sinking POC, PIC, and C:N flux. Vertical lines are error bars. Veliger 
size class (< 0.4 mm) made up the highest proportion (82 %) of age class for nearly all 
sampling periods (cups). 
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4.6.2 24-hour vertical distribution 
L. helicina antarctica was the only pteropod species identified within the 24hr sediment traps. 
Adults (11.1 %), juveniles (38.9 %), veligers (44.4 %), and egg masses (5.6 %) were observed 
within both 57 m traps, whereas only veligers were sampled within the deeper (90 m) cups (Fig. 
4.4a; Table C.3 in Appendix C). Average shell diameters of pteropods collected from 57 m were 
1.62 ± 2.1 and 0.71 ± 1.4 mm from the formalin- and Lugol’s-poisoned cups, respectively; while 
the average shell diameter of pteropods was 0.10 ± 0.02 mm for both cups sampled at 90 m (Fig. 
4.4b). Similar to the earlier drifter1 experiment, there were no shell lengths observed between 
0.31 and 4.35 mm. 
 
 
Figure 4.4 Results from 24-hr sediment trap experiment including: (a), total pteropod 
(species and age class) flux (ind. m-2 d-1) observed at ~57 m and 90 m within each 
preservation medium; and (b), densities of thecosomatous L. helicina shell diameters, 
ranging 0.07 to 5.0 mm. The majority of L. helicina sampled were within veliger age class 
for each cup, with no adults found within deeper cups. 
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The F-test revealed a significant difference in variances (p < 0.05) between pteropod flux 
to 57 and 90 m depth. Maximum fluxes of L. helicina antarctica occurred at 90 m depth, where 
7115 veligers m-2 d-1 and 6268 veligers m-2 d-1 were counted within the formalin-poisoned and 
Lugol’s-poisoned cups, respectively (Table A4.3). As with the time-series (drifter1) experiment 
results, there were significantly more veligers tallied than any other L. helicina antarctica age class 
[F(3,12) = 3.7, p = 0.043], with 47.1 % and 100 % of the total composition represented within 
both 57 m and 90 m depth samples, respectively. Pteropod flux sampled at 57 m depth was 1011 
and 904 ind. m-2 d-1 for Lugol’s-poisoned and formalin-poisoned cups, respectively. The F-test 
determined no statistically significant differences in variances measured between sampling cup 
poison treatments (p = 0.749). 
 
4.6.3 Cohort structure and growth rate estimations 
The length-frequency analysis identified the presence of two, possibly three, cohorts, 
including the smallest size class, possessing shell lengths ranging 0.1 – 0.4 mm, and one, possibly 
two, overlapping older generation(s) of sizes ranging from 3.4 – 7.2 mm. However low sample 
sizes of adult shell lengths, as well as the absence of juveniles, did not permit a clear distinction 
between a possible 1-year and/or 2-year generation(s) (Fig. 4.5).  
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Figure 4.5 Log-transformed shell length-frequency distribution of veliger, juvenile, and adult 
size classes of sediment trap-sampled Limacina helicina (from all trap cups). 
 
For the veliger size class, we calculated an average intra-seasonal daily growth rate of 
0.0068 mm d-1 from average shell lengths measured between cups 1 and 4 (10 – 26 Dec). This is 
due to the appearance of a steady increase in average shell lengths between these trap cups, 
immediately followed by consecutive decreases in average shell lengths between cups 5 to 7, and 
likely related to new recruits from a spawning event during this time (Fig. 4.6). Subtracting the 
minimum veliger size class shell length from cup 1 (0.1 mm) from the maximum veliger size 
class shell length (0.4 mm) from the upper depth cup (24hr) resulted in a maximum intra-
seasonal growth rate of 0.0078 mm d-1. For the adult generation (>4 mm), average shell length in 
cup 4 was 4.82 ± 0.4 mm, and the average shell length in the upper traps of the 24-hour 
sediment experiment was 6.25 ± 0.9 mm, giving an average intra-seasonal daily growth rate of 
0.057 mm d-1. Minimum shell length of adults in cup 4 was 4.05 mm, and maximum shell length 
in upper depth 24-hour traps was 7.24 mm, giving a maximum intra-seasonal rate of 0.128 mm d-
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Figure 4.6 Shell length-frequency distributions of veliger and juvenile age classes of 
Limacina helicina separated by sediment trap cups 1-7. Density curves were fitted to each 
distribution to demonstrate small-scale temporal change in distributional patterns. Vertical 
dotted lines represent means. 
 
4.6.4 Environmental drivers of pteropod swimmer flux 
According to the GLM (Table C.4 in Appendix C for output), decreasing fluorescence and 
increasing sinking PIC and sinking POC emerged as covariates primarily associated with 
increasing abundance for all pteropod species and age classes combined. Analysed separately, 
each species and age class responded differently to the covariates tested. Also based on GLM 
results, decreasing fluorescence and temperature, and to a lesser extent salinity, were correlated 
with increasing abundances of adult L. helicina antarctica. Juvenile L. helicina antarctica were also 
primarily associated with decreasing fluorescence and temperature, although abundances also 
increased with increasing sinking PIC and sinking POC. Veliger L. helicina antarctica increased 
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with decreasing depth, sinking POC, and temperature, whereby their increasing abundances were 
primarily correlated with increasing abundances of other zooplankton species, primarily 
copepods, copepod nauplii, and appendicularians, present in the traps. A weak positive 
relationship was observed between increasing veligers and gymnosomes. Increasing C. 
pyramidata abundance correlated with increasing fluorescence and longitude, and with decreasing 
sinking POC. When modelling gymnosome abundances specifically, extra biological interaction 
variables were tested including all L. helicina antarctica age classes and C. pyramidata as potential 
food sources. While increasing abundances of gymnosomes were primarily driven by decreasing 
salinity, comparisons made with other species resulted in a relatively strong relationship with 
decreasing abundances of both adult L. helicina antarctica and increasing C. pyramidata, versus a 
relatively weak relationship with increasing juvenile-aged abundances. For all species and size 
classes, AIC values indicated that simplified models were the best fitting models, as opposed to 
the saturated model incorporating all variables. 
 
4.6.5 Developmental stage compositions of egg masses 
All eggs within clutches appeared to be within the earliest stage (2-cell) of ontogenetic 
development (Lalli and Wells, 1978; Wakabayashi, 2017). Multiple comparisons for each 
morphometric trait revealed no statistically significant difference (p > 0.05, Fig. C.1 in Appendix 
C), and given the low sample sizes, analyses on egg mass morphometrics can only be considered 
qualitative (Table C.6 in Appendix C). Among the nine egg masses sampled throughout this 
study, I enumerated an average fecundity rate of 735 eggs individual-1 (± 193 eggs individual-1). 
During the time-series experiment (drifter1), the first egg clutch appeared in the sampling cups 
during 18 – 22 December, and then again between 26 December and 8 January. Egg masses 
were observed within the shallower sampling cups (<57 m depth) during the 24-hour sediment 
trap experiment (January 17-18). 
 
4.7 Discussion 
4.7.1 Species and age composition 
Adding to the small but growing number of shallow water datasets that exist for the 
relatively under-surveyed Indian sector, this research enhances the potential of using both 
Southern Ocean pteropod swimmers and sinkers for filling current knowledge gaps in our 
understanding of their community structure. The results of these sediment trap experiments 
provide both high resolution data and a promising alternative to net sampling techniques for 
describing population dynamics and flux patterns of a taxonomic group highly sensitive to 
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anthropogenic changes in ocean chemistry. A species composition similar to other, more often-
surveyed regions of the Southern Ocean situated between the SACCF and the SB-ACC was 
observed. This regional band is primarily composed of L. helicina antarctica f. antarctica and the 
lesser abundant C. pyramidata f. sulcata, as well as gymnosomes Clione limacina antarctica and 
Spongiobranchaea australis (Hunt et al., 2008). Nearly all of the time-series sampling cups were 
dominated by the veliger size class, with juvenile-aged L. helicina antarctica starting to appear in 
samples from 18-22 December, and adult L. helicina antarctica from 22-26 December. The 
presence of young C. pyramidata, gymnosomes, and egg masses within cups was infrequent and 
random (combined: 4.8% total) throughout the sampling duration, as also noted by Howard et 
al. (2011), and thus patterns in growth rate or abundance for these taxa could not be identified.  
Pteropod age composition differed between 57 and 90 m. Within the 24-hour duration, a 
heterogeneous age composition was obtained in the upper trap depth (57 m) that was dominated 
by veligers, followed by juvenile L. helicina antarctica, adult L. helicina antarctica, and egg masses. No 
other pteropod species were collected within the 24hr trap cups, and the deeper sampling cups 
were entirely composed of veligers. The adult shell diameter range sampled within the shallower 
cups (4.3 to 5.0 m) exceeded the maximum sizes reported for L. helicina antarctica f. rangi (~3.5 
mm) and L. retroversa australis (~1.5 mm) (Dadon and de Cidre, 1992; van der Spoel et al., 1999) 
and were within the maximum size class reported for forma antarctica (Lalli and Gilmer, 1989). 
While advection may explain the high abundance of veligers in the deeper traps, sensor data 
revealed very little movement by the trap, including a 3.1 m vertical range (see Appendix C, 
Table C.6). Vertical stratification in species and age composition has been recorded for 
pteropods elsewhere, and considered to be driven by season and size (Kobayashi, 1974; 
Wormuth, 1981), however no studies have closely examined swimming in pteropod veligers. 
Other pelagic molluscan larvae, such as bivalves, can adjust their vertical positioning within the 
water column through swimming (Bayne, 1986), and many species demonstrate diel feeding 
behaviour (Tremblay and Sinclair, 2007). Furthermore, higher abundances of bivalve larvae have 
been found below the pycnocline in highly stratified waters, whereas abundances of well-fed 
larvae have been shown to be equal throughout well mixed and highly turbulent water columns 
(Raby et al., 1994). 
It should also be noted that while the recovery of traps from the water column, and 
consequently the entering of new material into cups, may introduce some bias, there are several 
reasons to believe this is not an issue. Firstly, as traps are lifted out of the water, cups are filled 
with sea water thus preventing new material from entering. Secondly, other larger plankton taxa 
were present in the deeper traps, though will be reported in another study (Makabe, in prep). 
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And finally, zooplankton abundance estimated at the same time and station using a Vertical 
Multiple-opening Plankton Sampler (VMPS) revealed no presence of pteropods in the upper 100 
m (Okubo, et al. in prep). Okubo et al. (in prep) also reported that L. helicina antarctica were less 
abundant at 0-50 m compared to >50 m, at surrounding station that same year. 
Juvenile L. helicina antarctica from the Scotia Sea have been shown to occur in different 
regions than adults (Bednaršek et al., 2012c), and may account for the lack of  Limacina sp. with 
shell diameters ranging 0.4 – 2.9 mm (drifter1) and 0.3 – 4.3 mm (24hr) from the sampling cups. 
Moreover, resource partitioning between L. helicina age classes may be occurring due to vertical 
stratification in species and size classes of their primary food sources (Rines et al., 2010). Food 
preference in Antarctic thecosome veligers is relatively unknown, however fatty acid data from 
Arctic L. helicina veligers suggests particulate organic matter (Gannefors et al., 2005), while 
temperate Limacina sp. have been cultured successfully using filtered seawater supplemented with 
crytophytes, haptophytes, dinoflagellates, and small diatoms (Paranjape, 1968; Thabet et al., 
2015). The GLM revealed a weak relationship between increasing veliger abundances in 
association with decreasing suspended POC, which could point to a reliance on phytoplankton 
for food by veligers, with an inverse response resulting from a lag effect from post-bloom 
feeding (Almogi-Labin et al., 1988). Additional sampling experiments are required to determine 
environmental and/or ecological covariates driving short term vertical patterns in age and 
species stratification.   
Interestingly, egg masses were only found in the shallowest trap cups, although they were 
mostly sampled between 100-200 m by a suite of multi-depth net-sampling techniques as 
reported for a different study conducted at the same time and location (see Fig. C.2 in Appendix 
C for unpublished results). Downward fluxing of fertilized egg masses and/or spawning adults, 
observed for many dominant Antarctic zooplankton (Ross et al., 1996), may have occurred at the 
time of the 24hr experiment, which a spawning event may signal adults to release egg masses that 
hatch at depth, and migrate upward as veligers. This may also account for why deeper traps 
captured more veligers than the shallower traps; however veligers have not yet developed 
parapodia (wings) and instead possess restricted movement driven by cilia (Lalli and Gilmer, 
1989). It is not clear whether spawning adults release egg masses at a particular depth, but, given 
this behaviour, two theories may explain the pattern observed here. The first posits high 
predation that may have occurred on egg masses within the winter water layer (>50 m) at the 
time of this experiment, whereas the second points to patchiness and/or relatively low egg mass 
productivity unable to be captured by the traps. Given that sample sizes were low, I can only 
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speculate, but strongly encourage future net-sampling and trap-caught observations to report 
presence of pteropod egg masses. 
Few studies have attempted morphometric measurements or reported egg counts on newly 
fertilized pteropod egg masses. Akiha et al. (2017) recorded mean length measurements of egg 
masses (6.0 mm) they found within net samples taken within the upper water column (0-50 m) 
which is within the range of lengths measured in this Chapter (4.4 – 8.3 mm), sampled from the 
same region of the Southern Ocean. Lengths of L. helicina egg masses sampled from Friday 
Harbor, Washington were smaller, at approximately 3-4 mm. From the nine total egg masses 
collected from both sediment trap experiments, the calculated average fecundity rate of 735 eggs 
individual-1 matched observations by Paranjape (1968), who measured an average fecundity rate 
of 565 eggs individual-1 for L. helicina collected from Friday Harbor, Washington. These results 
are less than the number of eggs counted by Manno et al. (2016), who sampled egg masses of 
captive L. helicina antarctica from the Scotia Sea from December 2013, but more than those 
observed within Arctic L. helicina in a study by Gannefors et al. (2005). Manno et al. (2016)  has 
suggested that high variability in spawning demonstrates the strong influence of environmental 
conditions in driving pteropod fecundity. In this study, the inability to incorporate egg mass 
abundance into the GLM was a consequence of recording a low sample size for egg masses. 
Bearing adequate sample sizes, future studies designed to measure how environmental 
conditions affect pteropod fecundity would be fruitful. 
 
4.7.2 Growth rate and cohort structure 
Limacina spp. eggs hatch within a few days after spawning, grow to veligers within 2-6 
days, and become juveniles within a month (Lalli and Wells, 1978; Paranjape, 1968; Thabet et al., 
2015). The presence of egg masses, though sparse, in traps from both experiments could point 
to a protracted period of spawning that occurs throughout December and towards the end of 
January, as reported for L. helicina from western Canada (Wang et al., 2017), rather than one or 
two discrete events, as observed in studies featuring other polar L. helicina assemblages 
(Bednaršek et al., 2012c; Gannefors et al., 2005). Average shell diameter for veligers appear to be 
typical for the sampling region and period surveyed in this Chapter (Nishizawa et al., 2016). 
Between 10-26 December, the average veliger shell diameter increased, followed by a slightly 
steady decrease towards the end of the time-series experiment; suggesting a steady growth rate 
resulting from an early spring spawning event followed by a subsequent spawning event during 
22-26 December that decreased the average size. This is corroborated by the presence of juvenile 
L. helicina antarctica that began to appear by 18-22 December, when egg masses also began 
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appearing. From these observations, I calculated average and maximum intraseasonal daily 
growth rates of 0.0068 and 0.0078 mm d-1, respectively, closely matching the rate of 0.0073 mm 
d-1 derived from multi-year preserved net samples from the Scotia Sea (Bednaršek et al., 2012c). 
Similarly, Wang et al., (2017) measured a growth rate of 0.006 mm d-1 for their estimated spring 
L. helicina cohort (mean size 0.2 mm) observed from Queen Charlotte Sound, British Columbia. 
Depending on the region, L. helicina undergo one to two spawning events per year within a 
life span of  3+ years, with the first event occurring in spring and the second in late summer 
(Bednaršek et al. 2012b). The late summer generation overwinters as veligers and 
metamorphoses to juvenile age by spring (Gannefors et al., 2005; Hunt et al., 2008; Paranjape, 
1968). Given the that time-series sampling program began in late spring, veligers retrieved from 
the earliest sampling cups were likely members of the spring spawning generation (October – 
November), and the result of wider reproductive periods as observed by several cohort peaks.  
The lack of trap-sampled L. helicina antarctica representing diameters ranging 0.43 to 3.38 
mm reveals the presence of only two separate, non-overlapping cohorts in this study. Bednaršek 
et al. (2012b) found a pattern of three distinct, non-overlapping cohorts of L. helicina antarctica 
based on interannual net samples from spring to autumn in the Scotia Sea. While the discrete 
cohorts measured in this Chapter are similar to those determined for December and January 
within their study, the additional juvenile-aged cohort absent from the traps may be a function of 
sampling strategies. Since these samples only represent the upper 90 m of the water column, it is 
possible this year-old cohort, mainly consisting of juveniles hatched late summer-autumn, 
overwintered at depth, and thus were distributed deeper than the traps were placed. For net 
sampling, Bednaršek et al. (2012b) found that vertically hauled Bongo nets were most effective at 
sampling pteropods within the 0.1-4 mm size range. This, combined with their patchy 
distribution and stronger swimming ability, all contribute to the low abundance of this cohort in 
the traps. Given most estimations of L. helicina life cycle are based on data retrieved from net 
samples that span multiple years (Wang et al., 2017), a comprehensive life cycle reassessment of 
L. helicina antarctica using sediment trap swimmer specimens would benefit from continuous, 
interannual sampling periods over greater depth ranges. The current study provides a high-
resolution snapshot of ~1.5 months of sampling at a single depth and demonstrates the potential 
to employ sediment traps to assess L. helicina life cycle. 
 
4.7.3 Patterns in swimmer flux 
Pteropod swimmer flux for all species combined increased throughout the time-series 
sediment trap sampling period, with the highest abundance recorded during the final period of 
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sampling, in early January 2017. In December 2010, Akiha et al. (2017) observed notably higher 
pteropod fluxes in sediment trap cups placed at 70 m, slightly north (60°S, 110°E) of the present 
study. They reported an average flux of early age Limacina sp. as 5.1 ± 1.6 x 103 ind. m-2 d-1, with 
the highest flux (23.8 x 103 ind. m-2 d-1) observed over a smaller sampling period. This value is 
higher than the average flux of 0.89 ± 0.89 x 103 ind. m-2 d-1 collected over the entire drifter1 
sampling period, including all species and age classes. Despite both studies occurring within the 
same region, it is likely that the variability between sample years is a function of interannual 
variability of environmental parameters, such as temperature and food availability (ie. timing of 
phytoplankton blooms). 
 
4.7.4 Environmental drivers of swimmer flux 
The complex relationships between pteropod abundances and environmental covariates 
underlines the need to explore species-specific and ontogenetic responses to climate change. 
Since the time-series drifter buoy moved location throughout the sampling duration, it was 
important to also incorporate a spatial element to this analysis, and determine whether changes 
in latitude, longitude, and depth affected pteropod flux. The modelling approach developed here 
suggested changes in chlorophyll fluorescence, latitude, sinking PIC and sinking POC flux as the 
environmental covariates most likely driving pteropod assemblages.  
Chlorophyll fluorescence is commonly used as a proxy for phytoplankton biomass, and 
therefore food resources for primary consumers, and the negative relationship found with adult 
L. helicina antarctica may point to a lag effect, whereby a decrease in phytoplankton concentration 
was likely the result of grazing by the pteropods. Fatty acid profiles from Arctic L. helicina reflect 
diet shifting behaviour in thecosomes, particularly between spring and summer/early autumn 
when primary producers transition from diatom-dominated to dinoflagellates within the water 
column (Gannefors et al., 2005). Calanoid copepod markers in fatty acid profiles of adult female 
L. helicina have also been detected (Gannefors et al., 2005), pointing to an adaptation to 
fluctuating food availability. Limacina helicina responds strongly to changes in primary 
productivity (Maas et al., 2011; Seibel et al., 2012). Phytoplankton blooms fuel increases in 
thecosome abundances, which likely also includes increased egg mass production and growth in 
shell diameters. Furthermore, a study using stable isotopes analysis to elucidate a winter-spring 
transitional East Antarctic food web composed of a zooplankton community beneath the pack 
ice has revealed a diet preference for sea ice biota over water column-sampled POM by L. helicina 
antarctica (Jia et al., 2016). In addition to fluorescence, abundances in adult L. helicina antarctica 
were correlated with temperature and salinity, which have shown to also affect physiological 
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responses of Antarctic bottom-ice algae (Arrigo and Thomas, 2004; Ryan et al., 2011). Enhanced 
seasonal ice melt may expose sea ice algae to abnormally low salinities, followed by considerably 
higher than normal irradiances, and consequently lead to restricted photosynthetic activity by ice 
algal communities. This implies that environmental stresses may alter the availability of preferred 
food sources to primary consumers, thus altering the integrity of coastal Antarctic food webs. 
Spatio-temporal heterogeneity in surface waters is related to dynamic phytoplankton 
productivity in that blooms are immediately followed by temporary decreases in both pCO2 
concentrations and population growth of thecosomes (Seibel and Dierssen, 2003). As such, it 
may appear that enhanced reproductive and growth activity in L. helicina occurs in concert with 
low pCO2 conditions, though indirectly related. This could also mean that as the season 
progresses, chlorophyll-a concentration may not be the only resource-related parameter driving 
pteropod assemblages (Gannefors et al., 2005). Abundances of early age L. helicina antarctica and 
C. pyramidata were also closely associated with PIC and POC flux. In this study, POC flux was 
closely linked to chlorophyll-a concentrations and associated with early-aged thecosomes, which 
likely reveals the importance of spring phytoplankton blooms to fuel the growth of recently 
hatched pteropods. PIC flux, which in this study was primarily composed of planktonic 
foraminiferans, was correlated with juvenile L. helicina antarctica, and likely demonstrates close 
coupling of abundances and distributions of both calcifier taxa by the same parameters: 
temperature, salinity, and chlorophyll-a concentration (Bergami et al., 2009). For comparison, 
further investigating parameters that drive foraminiferan and other marine calcifiers may provide 
valuable insight into their relationships. 
Thecosome abundances may also be driven by other ecological factors, such as 
reproductive activity, mortality, and/or predation pressure. Gymnosome abundances had a 
strong positive relationship with increasing numbers of adult L. helicina antarctica, which are 
considered exclusive prey for the Antarctic gymnosome C. limacina antarctica (Hopkins, 1987) 
This result was similar to those of Thibodeau et al., (2019) who measured long-term 
environmental and ecological covariates from the Western Antarctic Peninsula. Monophagous 
feeding behaviour by gymnosomes has been observed as early as the polytrochous larval stage, 
and has been described as an example of close-coupling of life histories in both predator and 
prey, along with other adaptations that indicate co-evolution of both species (Kattner et al., 
1998; Lalli and Gilmer, 1989). 
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4.8 Conclusions 
This chapter presents a time-integrated examination of shallow water age and species 
compositions of Southern Ocean pteropod assemblages from late spring to summer, as well as 
estimates of the timing of multiple spawning events by L. helicina antarctica that occurred within 
the one and a half months of sampling duration. It also provides insight into the degree of 
weekly and daily flux, displaying significant variation in both depth and age class, and how these 
were influenced by a suite of species- and age-associated environmental covariates. This research 
reveals that while fluorescence, salinity and temperature were important predictors of adult L. 
helicina antarctica abundances, earlier age classes may be driven by predation pressure based on the 
presence of gymnosomes and, to a lesser degree, the presence of other zooplankton assemblages. 
I also report morphometric data on pteropod egg masses and encourage future pteropod-related 
sampling studies to include similar data to monitor changes in ontogenetic development that 
may reveal responses to changing climate. Finally, this research supports the utility of sediment 
trap swimmer samples to gather a suite of data beneficial to ground-truthing responses to future 
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Estimating fecundity, egg morphometrics and 
embryogenesis in Limacina helicina antarctica4 
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Figure 5.1 Graphical abstract for Chapter 5. 
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4 I. Seiffert, R. Trebilco, and K.M. Swadling are coauthors on this chapter, which is currently in preparation for 
journal submission. 
Highlights
• Greater spawns day-1 (>5) were by larger adults (>5.5 mm ); adults possessing shell diameters as low as 
4.2 mm spawned eggs, mostly in seawater fractions of >210 um.
• Potential drivers of egg abundance were latitude, longitude and temperature; longitude and presence 
of larger pteropods were important in estimating presence-absence of eggs.
• Preserved samples possessed all stages of even spiral holoblastic embryogenesis.
• Egg areas statistically decreased over sampling periods corresponding to all voyage programs analysed.
Preserved L. helicina egg masses were 
retrieved from three voyage programs: 
KARE20, KAXIS, and BROKE-East
Generalized additive models were constructed 
using a suite of environmental and ecological 
covariates to test potential drivers of spatial 
variability in spatial egg production
24-hr incubations 
using adult L. 
helicina filtered in 
different seawater 
fractions were 
conducted to test 
spawn ind-1 day-1 
Egg and egg mass 
morphometric 
measurements 
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5.3 Abstract 
Shelled pteropods are ecologically and functionally important to Southern Ocean 
ecosystems, but there is little understanding of key aspects of their biology, notable fecundity. 
Using preserved samples retrieved from three different research voyages, as well as data collected 
from 24-hr live incubations, I aimed to understand: (1) drivers of spatial distribution and 
abundance of egg masses, (2) the effect of adult shell diameter and prey availability on spawning, 
(3) quantitative morphometric traits of embryogenesis, and (4) variability in morphometric traits 
over time. Using generalized additive models, I explored the association of Limacina helicina 
antarctica egg production with potential drivers, including latitude, longitude, temperature, and 
density of juvenile- to adult-aged L. helicina antarctica. At-sea incubation experiments where 
ambient sea-water was filtered into size-fractions showed highest numbers of egg masses (>5 24-
hrs-1) released by adults with shell diameters >5.5 mm and incubated within a seawater size 
fraction of >210 µm. Adults possessing shell diameters as narrow as 4.2 mm released egg 
masses. Preserved samples appeared to possess all stages of holoblastic embryogenesis, typical in 
developmental patterns of molluscan species. Among embryogenetic traits measured, egg area 
(mm2) statistically significantly decreased over the time spanning early January to mid-February, 
as estimated from sampling dates representing all voyage programs. Understanding potential 
spatial, environmental and ecological drivers of spawning can improve estimates of fecundity, 
which will be important for anticipating likely responses of Limacina populations to future 
change. This in turn will underpin the potential utility of Limacina as a sentinel species for 
Southern Ocean ecosystems. 
 
5.4 Introduction 
The Southern Ocean is experiencing rapid change, and work is needed to identify drivers 
of the reproductive success in key taxa considered as both functionally important and highly 
sensitive to change (Boyd et al., 2018). Thecosome (shelled) pteropods, such as Limacina helicina 
antarctica,  contribute numerous ecological functional roles to Southern Ocean ecosystems. They 
are major contributors to the organic and inorganic carbon flux, provide a direct trophic link 
between primary producers and higher level organisms, and are considered early responders to 
climate change (Manno et al., 2017). Despite often representing a dominant component of the 
macrozooplankton, many aspects of pteropod early life history strategies have yet to be formally 
described (Manno et al., 2017). Research on the effects of ocean acidification on early 
development of Southern Ocean pteropods is beginning to gain traction (Gardner et al., 2018; 
Manno et al., 2016), however benchmark information on pteropod fecundity are only available 
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from only a few studies, none of which focus on Southern Ocean species (Gannefors et al., 
2005; Lalli and Wells, 1978; Paranjape, 1968). 
Most pteropod species are protandrous hermaphrodites (Lalli and Gilmer, 1989). They 
initially function as males before reaching a threshold size (~5 mm for Limacina spp.) that signals 
resorption of male reproductive organs and replacement by female organs (Lalli and Gilmer, 
1989; Lalli and Wells, 1978). Females broadcast spawn buoyant strings of fertilized, 
phospholipid-rich eggs protected within a gelatinous matrix egg mass (Gannefors et al., 2005). 
The earliest stages of development, from egg to veliger larvae, take place entirely within these 
egg masses over approximately seven days (Lalli and Wells, 1978). Shape dimensions, or 
morphometrics, of eggs and egg masses are relatively unknown, however Lalli and Wells, (1978) 
reported significant interspecific differences in several morphometric traits between L. helicina 
and L. retroversa. It is not known whether these morphometrics differ, if at all, over variable space 
and time scales within a species, and how this relates to offspring provisioning by ovigerous 
adult females.  
In this Chapter, I present qualitative and quantitative traits of early life history strategies of 
adult and early-aged L. helicina antarctica forma antarctica (hereafter referred to as L. helicina 
antarctica) from samples collected during three East Antarctic research voyages. I conducted live 
incubation experiments, developed and employed image analytical techniques, and constructed 
generalized additive models (GAMs) with the aims of: (1) estimating the effect of prey size 
availability and shell diameter on egg production in adults, (2) describing the stages of, and 
morphometric relationships among traits associated with, egg development, (3) modelling trends 
in egg production as functions of spatial, environmental and ecological variability, and (4) 
measuring egg trait variability over time to understand seasonal reproductive investment. 
Additionally, I tested the accuracy of a technique developed to automate egg counting using 
image analysis software. 
 
5.5 Methods 
5.5.1 Study sites 
Pteropod egg masses were separated from preserved mesozooplankton samples collected 
during three summer voyages within the Indian sector of the Southern Ocean. These voyages 
were the Baseline Research on Oceanography, Krill and the Environment - East (BROKE-
EAST) in 1995/96, the Kerguelen Axis (KAXIS) in 2015/16, and the 20th Kaiyodai Antarctic 
Research Expedition (KARE20) in 2016/17. Zooplankton samples from BROKE-East and K-
Axis were obtained aboard the RV Aurora Australis from a Rectangular Midwater Trawl (RMT 
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1+8) net with a mouth area of 8 m2 and a mesh size of 4.5 mm that tapered to a mesh size of 1.5 
mm in the last 1.8 m of net (see Hosie et al., 2000 for more details). Only specimens collected 
with the RMT1 net, with a mesh size of 315 µm, and a mouth area of 1 m2, were measured for 
this study. Samples from KARE20 were obtained aboard the TRV Umitaka-maru using an Ocean 
Research Institute (ORI) net with a mouth diameter of 160 cm and a mesh size of 500 µm (see 
Sakurai et al., 2018 for more details). Both zooplankton collection methods sampled from a 
maximum depth of 200 m. All samples were preserved in 5% formalin. 
 
5.5.2 Live incubations 
During KARE20, two 24-hr incubation experiments (13 and 17 December, 2017) were 
conducted to estimate fecundity rate in adult L. helicina antarctica. Live, actively swimming adult 
(shell length >4 cm) pteropods were selected from mesozooplankton samples collected using a 
ring net (200 µm mesh, 80 cm mouth area) within the upper 200 m, then examined under a light 
microscope to ensure shells and body showed no signs of damage. To test the effects of 
different available prey sizes on fecundity, seawater was filtered at different size fractions, < 20 
µm, 20-210 µm, and > 210 µm, from the ship’s underway supply, then added to 1-L Nalgene 
bottles before live L. helicina antarctica adults were placed in them for 24-hrs (one adult per bottle) 
to avoid changes to prey quality by bacteria, and to ensure maintenance of ambient conditions 
(within incubation unit) suitable to pteropods are met while ship is in constant motion. Bottles 
were placed in a purpose-built, on deck incubation unit, within which surface seawater 
continuously flows allowing experimental bottles to maintain ambient water temperatures. The 
unit was artificially shaded to prevent blooming of algal species within experimental bottles. 
After incubation, the bottles were checked for actively swimming pteropods and egg masses 
were counted. Adult pteropods and egg masses were removed and preserved in 5% buffered 
formalin for follow-up analyses in the laboratory.   
 
5.5.3 Image analyses 
For image analysis, egg masses were first separated, enumerated, and photographed using a 
Canon EOS Mark II 5D camera mounted on a Leica M165 C stereoscopic microscope and using 
EOS Utility software (Canon USA). Images were further analysed using ImageJ software 
(Schindelin et al., 2012) for the following morphometric traits: egg mass length and area, clutch 
area and proportion within egg mass area, egg area and diameter, and egg count per mass area. 
Eggs were counted using a method I developed employing ImageJ software to automate the 
process (see Supplementary Methods D.1 in Appendix D). A threshold cell size of 10 µm was 
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set due to both the large concentration of non-egg debris (eg. phytoplankton cells) and egg 
overlapping within the egg masses. Manual enumeration of eggs using a subsample (n = 32; 
Table 5.1) of egg masses was performed from images to compare counts from the automated 
technique using ImageJ software. Identification of embryonic developmental stages for each egg 
mass was conducted.. 
 
5.5.4 Statistical analyses 
All statistical analyses were performed using RStudio, version 1.1.442 (Team, 2014). Two-
sample t-tests were used to statistically compare manual with automated ImageJ estimations of 
egg per mass area (mm2), and to detect differences in egg and egg mass morphometric trait 
means between voyages. Exponential curves were fit to data representing each size fraction 
(from incubation experiments) as log – log using lm function in base R. A multivariate analysis 
of variance (MANOVA) was used to test if the entire suite of morphological estimations based 
on eggs and egg masses varied among independent variables, year and sites, fitted with the 
MANOVA function in R. For each voyage, several linear regression models were used to assess 
relationships between mass area (mm2) and egg count, as well as with sampling date and egg area 
(µm2) and clutch-to-mass area ratio. 
 
5.5.5 Generalized additive model 
Based on the occurrence of non-linear relationships between dependent and independent 
variables during preliminary inspection, generalized additive models (GAMs; Hastie and 
Tibshirani, 1986) were used to investigate the influence of latitude, longitude, mean temperature 
at surface maximum layer (SML), and density of combined pteropod species on the abundance 
of eggs sampled, expressed here as the number of eggs · mass mm-2, and presence/absence of 
egg masses; the latter was recommended given the large number of absences (zero observations) 
in the data (Borchers et al., 2011). Explanatory covariates included mean temperature at 200 m 
depth and at the lower layer of the surface mixed layer (SML), mean salinity at the lower layer of 
SML, integrated chlorophyll a, latitude, longitude, depth, and abundance of juvenile- to adult-
aged L. helicina antarctica sampled. A priori hypotheses related to drivers of spatial patterns in egg 
mass production by other marine organisms (Borchers et al., 2011), as well as density of adult 
Southern Ocean L. helicina antarctica (Thibodeau et al., 2019), informed covariate selection. 
Selected covariates each met assumptions of multiple linear regression, including normal 
distribution, homogeneity of variance, and no multicollinearity. Negative binomial and binomial 
distributions were used for abundances and presence-absences, respectively, and lowest Akaike’s 
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Information Criterion (AIC) scores were selected as the best model. GAMs were fitted using the 
‘mgcv’ library (version 1.8-26; Wood, 2006) in R. 
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Table 5.1 Data sources for this study. 
Analysis Voyage Sampling net n 
Abundance and distribution BROKE-EAST, KAXIS, KARE20 RMT 1, ORI 435 
Generalized additive modelling KAXIS RMT 1 37 
Incubation experiment KARE20 Ring 16 
Method validation  KAXIS, KARE20 RMT1, ORI 32 
Morphometrics:    
• Egg mass length (mm) 
BROKE-EAST, KAXIS, KARE20 RMT1, ORI 412 
• Egg mass area (mm2) 
BROKE-EAST, KAXIS, KARE20 RMT1, ORI 411 
• Clutch area (mm2) 
BROKE-EAST, KAXIS, KARE20 RMT1, ORI 410 
• Clutch : mass areas 
BROKE-EAST, KAXIS, KARE20 RMT1, ORI 412 
• Egg count 
BROKE-EAST, KAXIS, KARE20 RMT1, ORI 411 
• Eggs egg mass-1(mm2) 
BROKE-EAST, KAXIS, KARE20 RMT1, ORI 398 
• Egg area (mm2) 
BROKE-EAST, KAXIS, KARE20 RMT1, ORI 226 
• Egg diameter (µm) 
KARE20 ORI 24 
• Embryogenetic stage identification 
BROKE-EAST, KAXIS, KARE20 RMT1, ORI 435 
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5.6 Results 
5.6.1 Distribution and abundance 
A total of 435 egg masses and mass fragments was enumerated from preserved samples at 
19 stations from the three sampling programs within a combined region extending between 79° 
and 110°E, and 60° and 67°S (Fig. 5.2, Table D.1 in Appendix D). Non-zero densities ranged 
from 41.8 to 3783.5 eggs mass area-1mm2, with the highest proportion of egg masses retrieved 
between 60° S and 66° S, and between 60° E and 110° E (Fig. 5.2).  
 
 
Figure 5.2 Locations and relative abundances (size of points) of L. helicina antarctica eggs × 
mass mm-2 sampled for each voyage. Colours represent each voyage. Dashed lines show 
approximate locations of major fronts (Orsi et al., 1995), including the Subtropical Front 
(STF), Subantarctic Front (SAF), Polar Front (PF), Southern Antarctic Circumpolar Front 
(SACCF), and the Southern Boundary (SB). The inset map shows the study region within a 
global scale. 
 
5.6.2 GAM analysis 
The final models for egg abundance and egg mass presence encompassed three and two, 
respectively, of the nine covariates tested. Latitude was included in both models.  The preferred 
model for egg mass abundance was given by: 
(1) Egg abundance ~ latitudes + longitudes + mean temperature (at lower SML)s 
and for presence/absence of eggs, by: 
Chapter Five 
  94 
(2) Egg presence ~ latitudes + pteropod abundances 
where subscript s represents spline smooths. Of the series of one-, two-, three- and four-term 
models tested for each model, the simplest model was preferred as determined by the lowest 
AIC (Table 5.2).  
 
Table 5.2 Parameters and fit of the final generalized additive models for both (1) egg mass 
abundance and (2) presence-absence of egg masses. All covariates were significant in the 
model (p<0.05). 
(1) Model for egg mass abundance 
 df k Chi2 p-value 
Latitude 4.159 9 24.158 <0.001 
Longitude 4.941 9 31.203 <0.001 
Mean Temperature 
(lower SML) 
41.000 9 7.095 <0.05 
Fit: Negative binomial Adjusted R2 Deviance explained n  
 0.897 98% 37  
(2) Model for egg mass presence-absence 
 df k Chi2 p-value 
Longitude 5.817 9 5.899 0.472 
Pteropod abundance 1.00 9 4.567 <0.05 
Fit: Binomial Adjusted R2 Deviance explained n  
 0.651 68.3% 37  
 
The modelled egg abundances reveal a nonlinear dependence on the explanatory variables 
(Figs. 5.3 and 5.4). In terms of model performance, both procedures resulted in high adjusted R2 
and deviance explained values, indicating that both were reliable at capturing variation (Table 
5.2).  
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Figure 5.3 Shapes of the smooths for the covariates tested in the L. helicina antarctica egg 
mass abundance GAM possessing the lowest AIC value. Covariates include latitude, 
longitude, and mean temperature at the lower layer of the SML. Zero on y-axis refers to no 
effect of the explanatory covariate. Dashed lines correspond to 95 % confidence limits for 
the smooth. X-axis tick marks refer to relative density of observations. 
 
Figure 5.4 Shapes of the smooths for the covariates tested in the presence of L. helicina 
antarctica egg masses GAM possessing the lowest AIC value. Covariates include adult 
pteropod abundance and longitude. Zero on y-axis refers to no effect of the explanatory 
covariate. Dashed lines correspond to 95 % confidence limits for the smooth. X-axis tick 
marks refer to relative density of observations. 
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5.6.3 Live incubations 
Significant variability was observed in the number of egg masses released by adults 
possessing different shell lengths (range = 4.2-7.0 mm; F (1,14) = 6.751,  p < 0.05; Fig. 5.5), with 
the majority of egg masses (5-15 masses 24-hr-1) spawned by pteropods with shell lengths >6 
mm (Table D.2 in Appendix D). All adults incubated in >210 µm and 20-210 µm seawater 
fractions released egg masses, whereas only two pteropods released egg masses when incubated 
in the <20 µm fraction. Of the exponential curves fit to data representing each size fraction, only 
the curve for > 210 µm was statistically significant (Fig. 5.5). The variation of egg masses 




Figure 5.5 Relationships between egg mass counts and adult L. helicina antarctica shell 
length (mm) for each seawater size fraction (µm). Exponential curves were fit with data for 
each size fraction, including ‘< 20 µm’: y = e-2.93x + 0.49, R2 = 0.10, p = 0.60; ‘> 210 µm’: y = e-
0.64x+1.97, R2 = 0.39, p < 0.05; and ’20-210 µm’: y = e-2.91x+0.65, R2 = 0.81, p = 0.10. 
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5.6.4 Accuracy of egg count automation 
The comparison of egg counting techniques showed a statistically significant correlation 
between manual and automated egg counts (R2 = 0.92, p < 0.05; Fig. 5.6). When egg counts were 
divided by the egg mass areas (mm2), these values were compared between the manual and 
automated methods and there was no significant difference (t(29.6) = 1.98, p = 0.06; Fig. 5.6).  
 
 
Figure 5.6 Estimated counts of eggs within L. helicina antarctica egg masses. Linear 
regression from the correlation calculated between manual and automated counts obtained 
through ImageJ is y = 0.9787x – 55.9883, where y is the predicted number of eggs 
estimated through automation, and x is manual count variable; R2 = 0.9217, p <0.05. 
Dashed line is 1:1 reference. Inset plot: Results of L. helicina antarctica egg counts mm-2 
conducted by automation and manually. Median values of egg counts per area are depicted 
by horizontal lines within the 50% interquartiles (boxes). Upper and lower vertical lines, or 
“whiskers” refer to maximum and minimum dependent values, respectively. No significant 
difference was observed between methods, p > 0.05.   
 
A linear regression for each voyage was conducted on egg mass lengths (mm) versus 
automated egg counts to determine whether mass areas could be used to predict number of eggs 
(Fig. 5.7). There were moderately strong, statistically significant levels of predictability for each 
voyage (BROKE-EAST: R2 = 0.80; p < 0.05; KARE20: R2 = 0.58; p < 0.05; KAXIS: R2 = 0.61; p 
< 0.05). The linear regression performed on egg mass areas (mm2) versus automated egg counts 
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produced a similarly moderately strong, statistically significant relationship (R2 = 0.61 , p < 0.05). 




Figure 5.7 Linear relationships examined between mass areas (x axis, mm2) and egg counts 
(y axis) for each voyage. Linear regression for BROKE-EAST: y = 65.61x - 28.57; R2 = 0.80, 
p < 0.05; for KARE20: y = 41.8x + 32.4; R2 = 0.58, p < 0.05; for KAXIS: y = 31.57x + 78.35; 
R2 = 0.61, p < 0.05. Shaded region is the 95% confidence interval on the fitted values. 
 
5.6.5 Morphometrics  
Each egg mass was crescent-shaped with rounded edges, consisting of a transparent, 
gelatinous matrix encasing a ribbon of spherically-shaped eggs (Fig. 5.8). Eggs were yellow in 
colour, and embedded within oval egg membranes, or chorions. Many egg masses appeared to 
have non-egg mass related organic material, including colonies of phytoplankton species (eg. 
Chaetoceros cryophilus), adhered to surfaces of their gelatinous matrices. Some eggs within egg 
masses appeared misshapen, fused together or deformed, and consequently omitted from 
morphometric trait measurements (Fig. D.1 in Appendix D). 
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Figure 5.8 Newly hatched egg mass consisting of hundreds of oval-shaped eggs arranged 
in a ribbon and embedded within an outer gelatinous matrix. 
 
Of the 435 egg masses sampled, 122 masses were fragments and thus not used in egg mass 
length (mm) and area (mm2) calculations (Table 5.3). Whole egg masses averaged 6.2 ± 1.5 mm 
in length (Table 5.3; ranging 2.2—12.2 mm) and 7.7 ± 2.6 mm2 in area (Table 5.3; ranging 1.1—
12.4 mm2). While samples from KARE20 produced the highest number of eggs per single egg 
mass (831 eggs mass-1), BROKE-EAST samples possessed the highest mean number of eggs 
mass area-1 (57 mm2 ± 15 mm2; Table 5.3) (see Table D.3 in Appendix D for statistical results for 
comparisons of morphometric characters between voyages).  
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Table 5.3 Mean (± SD) morphological variables measured for preserved egg masses and eggs sampled from each research voyage. Egg mass 
count (n) refers to both whole and fragmented egg masses; however mean mass length and area values did not incorporate fragmented egg 
masses in calculations. Clutch area refers to the region within the gelatinous matrix encompassing the string of eggs. 
Voyage Egg mass 
count (n) 
Egg mass length 
(mm)* 






Eggs/mass area  
(Eggs ·  mass mm-2) 
Egg area 
(µm2) 
BROKE-EAST  31 5.1 ± 0.9 5.6 ± 1.1 2.9 ± 1.2 71.4 ± 10 57 ± 15 59 ± 2.9 
KAXIS  90 5.6 ± 1.7 7.2 ± 3.0 4.3 ± 1.7 61.7 ± 10 44 ± 11 59 ± 3.8 
KARE20  314 6.4 ± 1.4 8.0 ± 2.4 4.8 ± 1.7 68.9 ± 10 47 ± 15 73 ± 8.0 
All samples 435 6.2 ± 1.5 7.7 ± 2.6 4.6 ± 2.0 67.7 ± 10 47 ± 15 72 ± 8.5 
* Estimates did not include egg mass fragments 
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5.6.6 Embryogenesis and temporal variation in morphometric traits 
Nine stages of embryonic development within all preserved egg masses were recognized 
(Fig 5.9). Mean egg area estimated from all samples, regardless of embryogenetic stage, was 72 ± 
8.5 µm2 (mean diameter, 96 ± 4 µm), including the surrounding egg membrane (Table 5.3). The 
shape remained ovoid, and polar bodies were observed attached to the surface of embryos at the 
animal pole, throughout egg development. Four stages of major embryonic cleavage appeared as 
spiral holoblastic in pattern (Fig. 5.9A-D), with micromeres appearing to have formed, doubled 
and rotated perpendicular and symmetrical relative to the animal-vegetal axis with each  
successive subdivision before developing into a compact 16-cell mass, or morula (Fig. 5.9E-F). 
Preserved samples also possessed embryos in the post-cleavage stages of embryogenesis, early to 
late gastrulation (Fig. 5.9G-I), whereby embryos become multilayered masses, blastula walls 
transform through invagination, and indentations known as blastopores (Fig. 5.9G), deepen and 
develop into archenterons (Fig. 5.9H) that eventually form the gut.   
 
 
Figure 5.9 Egg areas (in um) measured against embryonic (pre-larval) developmental stage 
of L. helicina antarctica. (A) fertilized egg, (B) 2-cell stage, (C) 4-cell stage, (D) 8-cell stage, 
(E) early morula, (F) morula, (G) early gastrula, (H) gastrula, (I) late gastrula. a: archenteron, 
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Many morphometric measurements (egg mass length (mm), egg mass area (mm2), and eggs 
per egg mass area (eggs · mm-2)) were estimated for each embryogenetic stage (Fig. 5.10). 
Morphometric measurements remained consistent across each embryogenetic stage, (Fig. 5.10C). 
 
Figure 5.10 Egg mass morphometrics versus developmental stage. Horizontal lines within 
the boxes refer to median values, upper and lower vertical whiskers from the box depict 
minimum and maximum dependent values. 
 
The highest frequency of egg masses were observed primarily from the KARE20 voyage, 
(Fig. 5.11). The maximum number of egg masses, 87, was sampled at site C07 on 10 January, 
2017, with a composition that includes every embryonic stage, including 23% consisting of 4-cell 
(Fig. 5.11C) and 21% of early gastrula (Fig. 5.11G) stages. The later stages of egg development, 
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early to late gastrula (Fig. 5.11G-I) were most common among preserved specimens from 
BROKE-EAST (64 – 85%) and KAXIS (46 – 85%), though only 0 – 45% were represented in 
KARE20 samples. For KARE20, early embryogenetic cell dividing stages (Fig. 5.11A-D) were 
dominant among sample sites (26 – 73%). 
 
 
Figure 5.11 Frequency of egg developmental stages detected at sampling dates separated 
by voyage. 
 
Egg area (mm2) and proportion of clutch area-to-egg mass area (%) were measured against 
sampling date for each voyage to estimate rates of fecundity change over time (Fig. 5.12). Egg 
areas (Fig. 5.12A) and clutch-to-egg mass areas (Fig. 5.12B) significantly decreased over the 
sampling season for both KAXIS and KARE20 voyages. No statistically significant change was 
detected for BROKE-EAST samples.  
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Figure 5.12 Egg and egg mass morphometric traits over sampling dates from preserved 
samples, per voyage, including (A) egg areas (mm2), (B) proportion of clutch area to egg 
mass area. Linear relationships between sampling date and egg area for BROKE-EAST: y = 
-6.05e-6x + 1.12e-1; R2 = -0.19, p = 0.83; for KARE20: y = -6.30e-5x + 1.13; R2 = 0.06, p < 
0.05; for KAXIS: y = -3.99e-5x + 7.22e-1; R2 = 0.57, p < 0.05. Linear relationships between 
sampling date and clutch per egg mass area for BROKE-EAST: y = -0.028e-6x + 575.7; R2 = 
-0.04, p = 0.94; for KARE20: y = -0.50x + 9050.3; R2 = 0.02, p < 0.05; for KAXIS: y = -0.74x 
+ 13233.1; R2 = 0.11, p < 0.05. 
 
Chapter Five 
  105 
5.7 Discussion 
This is a first report of patterns and processes in early life strategies of L. helicina antarctica 
based on quantitative estimations and quantitative observations drawn from preserved 
specimens and live incubation experiments. Here, I have shown that egg mass abundances are 
strongly correlated with spatial and environmental covariates, whereas presence/absence of egg 
masses is correlated with spatial and ecological covariates. The largest ovigerous females 
spawned the most egg masses while exposed to largest sea water size fraction. I also provide a 
photographic representation of embryogenetic developmental stages, and present several 
morphometric estimates of embryogenesis that do not vary among individuals or among 
voyages. However, I have also shown that some morphometrics decrease over a typical 
spawning season, thus possessing implications on the influence of maternal age on the survival 
of pteropods. 
 
5.7.1 Drivers of spatial variability of egg masses 
GAMs have been shown to perform substantially better than previously-used methods, 
including acoustic surveys, employed to estimate biomass of economically valuable fish species 
based on modelling spatial variations of annual and daily egg production (Augustin et al., 2011; 
Borchers et al., 2011). To my knowledge, this study is the first time that the GAM approach has 
been used to model spatial patterns in abundance and distribution of pteropod egg production. 
For pteropods, there are potential gains in the use of modeling procedures that could predict 
how spatial, ecological, and/or environmental cues may affect variability in egg production that 
could in turn aid our understanding of how sentinel species to ocean acidification respond to 
chemical changes to oceans. In this study, the highest abundances of egg masses (eggs · mm-2) 
were observed south of 60 ºS and west of 110 ºE. Latitude and longitude, along with 
temperature, were the strongest parameters determining spatial variability in densities, as 
estimated through the GAMs method.  
Presence and absence was also modelled using the GAM, and, as with abundance, latitude 
exerted a strong influence on the distributional patterns of L. helicina antarctica. This outcome of 
modeling presence-absence also introduced an ecological covariate driver: abundance of older L. 
helicina antarctica. Since data were based on KAXIS samples retrieved from RMT1 and not RMT8 
plankton samples, these older L. helicina antarctica abundance values are based on specimens 
ranging 1.5—4.5 mm, thus equating to mid-sized juveniles, adult males and small adult females. 
It is unlikely here that presence-absence of egg masses is driven by spawning females, but more 
associated with other aged members of the assemblage. In the 24-hr depth-stratified sediment 
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trap experiment deployed mid-January within the KARE20 sampling region (Chapter 4), I 
recovered egg masses along with veliger-, juvenile-, and adult-aged L. helicina antarctica within the 
shallower (57 m) cups, as opposed to the deeper (90 m) cups that possessed 100 % veliger-aged 
L. helicina antarctica composition. Conversely, unpublished results from the same KARE20 
research program revealed that egg masses were also sampled between depths of 50-200 m from 
a variety of depth-stratified net-sampling techniques. 
 
5.7.2 Effect of body size and prey size availability on spawning 
During the incubation experiment, the smallest L. helicina antarctica adult that spawned egg 
masses measured 4.2 mm in shell diameter. This is smaller than the average size at reproductive 
maturity previously reported for Limacina helicina (Lalli and Wells, 1978); however different sizes 
at reproductive maturity may vary with season, where smaller sizes have been reported for some 
species spawned during summer than during spring (Dadon and de Cidre, 1992; Wang et al., 
2017). Due to the timing of each incubation experiment (13 and 17 December, 2017), the smaller 
mature adults that spawned in this study were likely part of a new generation that were spawned 
in spring by the generation that spawned the previous year, prior to overwintering in larval form 
(Lischka and Riebesell, 2012). 
I did not directly measure duration of each embryogenetic stage transition, however after 
24 hours in incubation, eggs did not appear to be beyond early morula (blastula) stage. Thabet et 
al. (2015) found that the much smaller Limacina retroversa from the Gulf of Maine reached blastula 
stage within 16-hours of culture. By my estimation, it is likely that it takes approximately 24 
hours (± 1-2 hours) to reach morula development, although it is possible that some adults may 
not have spawned immediately after transfer. Both Gardner et al. (2018) and Manno et al. (2016) 
observed L. helicina antarctica adults spawning within 2 hours of being placed in incubation. 
Furthermore, many studies observed increased spawning events in L. helicina antarctica under 
laboratory conditions, with some concluding the cause was likely the stresses of handling and 
exposure to changing environmental conditions (Maas et al., 2011; Manno et al., 2016).  
Compared to adult shell size, exposure to different seawater fractions revealed a lesser 
effect on spawning events (eggs ind-1). The growth curve for number of spawning events by 
adults incubated in the largest seawater size fraction was the only significant relationship in 
relation to the other sea-water size fractions. However, if this experiment could be repeated to 
permit greater sample sizes, these results have implications on thecosome reproductive success 
under future climate conditions, namely, if and how pteropods can adapt to changes to 
concentrations and abundances of primary producers in the Southern Ocean (reviewed by 
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Deppeler and Davidson, 2017). Perhaps a smaller size fraction (e.g. <2 µm) may be a more 
appropriate control that would enable the assessment of impact on the community, not only on 
spawning events but also on rates of embryogenesis.  
 
5.7.3 Embryogenesis and morphometrics 
Samples in this study featured representatives from all stages of embryogenesis typical to 
molluscan development, including holoblastic spiral cleavage producing two and four equal and 
parallel macromeres at the 4-cell and 8-cell stage, respectively, as was also recorded for L. 
retroversa (Thabet et al., 2015). Samples with eggs showing early gastrula stage were identified by a 
blastopore, which eventually forms the mouth by ectodermal invagination by the blastula 
(McMurrich, 1886). As with other pteropod species, eventually cilia appear, and it is at this stage 
that the embryo begins to rotate within its egg membrane prior to metamorphosing into 
trochophore larvae that hatch. Many samples analysed here showed the egg membrane in various 
degrees of deterioration and surrounding highly ciliated embryos that were likely in the process 
of hatching. Comparing our results to other studies highlights close similarities among 
embryogenesis among pteropod species. 
Morphometrics includes the quantitative analysis of physical form and shape and can 
provide useful insights concerning early life history phenomena of aquatic organisms (Timms 
and Lindsay, 2011). The morphometric results for L. helicina antarctica determined here show that 
mean egg mass length of 6.2 mm is slightly longer than the 5.2 mm measured for sediment trap-
caught L. helicina antarctica from Chapter 4, but highly similar to lengths (~6.0 mm) measured by 
Akiha et al. (2017) off Wilkes Land, Antarctica, and for L. helicina in the northern Davis Strait, 
Labrador Sea by (Lalli and Wells, 1978). Egg masses measured in the present study contained an 
average of 47 eggs mm-2, which was larger than the 35 eggs mm-2 reported for Canadian Atlantic 
and Subarctic specimens of L. helicina (Lalli and Wells, 1978), and less than the 81.5 eggs mm-2 
reported for San Juan Island, Washington, specimens of L. helicina (Paranjape, 1968).  
Several egg and egg mass morphometric traits measured from BROKE-EAST samples 
varied significantly from KAXIS and KARE20 samples, which were similar to each other. This 
may be an artefact of long-term preservation for the BROKE-EAST samples that have been 
stored since re-analysis 22 years later. Though work has been done to measure impacts of 
various preservation techniques on adult shell condition of pteropods (Oakes et al., 2018), 
research has yet to verify the effects of short- and long-term preservation techniques on 
pteropod egg and egg mass morphometric traits. One study on early-aged Calanus finmarchicus 
found that short-term (5 years) preservation fixed in 4 % buffered formaldehyde made no 
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difference to egg production rate estimates (Runge, 1987). With the smallest sample size among 
all voyage programs, BROKE-EAST samples occupied only 7 % total sample size and likely did 
not influence morphometric results. 
 
5.7.4 Relationships between embryogenetic characteristics and time 
In this study, it was important to incorporate a temporal element to establish whether 
preserved samples capture the effects of seasonal energetic investment on egg morphometrics 
(eg. size) in L. helicina antarctica. For many gastropods, availability of resources, changing 
environmental variables, and maternal age dictate the reproductive strategies of spawning 
females (Ito, 1997). Manno et al., (2016) found that egg to ribbon ratio decreased with successive 
spawning events, and that exposure intensity and duration to acidified ocean conditions affected 
egg quality, morphometrics, and egg numbers differently, suggesting that, aside from stress, 
maternal age also impacts fecundity. Furthermore, the results presented in this chapter support 
the theory that as maternal age increases, and as the breeding season progresses, spawning L. 
helicina antarctica females exert less energy on reproduction as the rate of maternal mortality 
increase. Over the combined voyage sampling period, data obtained from the preserved egg 
mass samples revealed decreasing size and number of eggs as well as, to a lesser magnitude, 
decreasing clutch size areas per egg masses. More experimental work is needed to better 
understand how maternal age determines growth and survival in euthecosomatous pteropods, 
and how these natural processes change in a rapidly changing ocean. 
 
5.7.5 Future directions 
When focusing on microscopic organisms, challenges in measuring fecundity can be 
minimized with the use of image analyses platforms. Several studies have employed the ImageJ 
platform to automatically enumerate microscopic eggs of invertebrates with high degrees of 
success (Collin, 2010; da Silva Júnior et al., 2018; Rosati et al., 2015). Due to the high number of 
microscopic eggs embedded within each egg mass, manually counting eggs within an egg mass 
can be time consuming and estimating fecundity using abundance of mature-aged adults is a 
relatively inaccurate alternative given the range of egg masses released by each adult L. helicina 
antarctica. Before discussing the ecological implications associated with the egg counting outputs 
originating from the ImageJ platform, it is critical to determine the reliability of these results. 
Many of the images depicted egg mass samples surrounded by non-pteropod particles, such as 
phytoplankton cells, that would likely also be counted by the software. The inability by the 
platform to distinguish eggs from other materials, identify egg and egg mass abnormalities or 
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differentiate between eggs within close proximity are all limitations of this technique. Precision is 
enhanced through pre-analysis image preparation, involving setting size threshold limits and 
drawing regions of interest (ROIs) encompassing high concentrations of intended materials. 
Despite these caveats, the statistically significant similarity obtained between manual and 
automated techniques validate the latter as a suitable solution for estimating fecundity.  
Manno et al. (2016) found that L. helicina antarctica each spawned approximately 1200 eggs 
under ambient conditions, which was higher than the 500—700 eggs × spawn-1 reported for a 
northern congener of Limacina, L. helicina from the San Juan Islands, Washington (Paranjape, 
1968). Results here ranged from 145—831 eggs × spawn-1 (average for all voyages combined: 379 
± 49 eggs × spawn-1). Using the same automated egg counting technique, in Chapter 4, I 
measured an average of 735 eggs spawn-1, and though this was higher than the average from the 
present study, it was within our range of estimates. These values come from the early to late 
summer period (9 December, KARE20—5 February, KAXIS), and as discussed in detail below, 
studies have shown that eggs × spawn-1 decrease through successive spawning events (Manno et 
al., 2016). Average eggs × spawn-1 measured here decreased by 62% from the early to late summer 
sampling dates. Future research should focus on validating regional and seasonal differences in 






C h a p t e r  6                                                
Synthesis: Key highlights, implications and future 
directions 
 
6.1 Key research findings 
The Southern Ocean, a vast circumpolar region extending from the Antarctic continent 
towards 40°S, is currently experiencing rapid shifts in physical and oceanographic properties due 
to climatic shifts (Rintoul, 2018; Stark et al., 2019). These changes will inevitably affect marine 
species, and some have been identified as sentinels of climate change due to their sensitivities to 
change (Ropert-Coudert et al., 2019; Xavier et al., 2016). Notably, thecosome pteropods have 
been called ‘canaries in the coalmine’ as they have shown pitting and malformation of their 
aragonite shells when exposed to ocean acidification (Bednaršek et al., 2017). Recent research 
has revealed physiological responses of pteropods that might mitigate damage due to exposure 
to ocean acidification, despite metabolic costs (Peck et al., 2018). However, at present, a larger 
body of work indicates that climate stressors, such as increasing sea surface temperatures, 
deoxygenation, freshening, and enhanced stratification, as well as OA, are significant threats to 
shelled pteropods (Bednaršek et al., 2016; Manno et al., 2017). Moreover, pteropods contribute 
important ecological functional roles within Southern Ocean ecosystems, and understanding 
these roles formed the impetus for the research presented in this thesis.   
In this thesis, I addressed knowledge gaps in our fundamental understanding of the 
ecological functional roles of co-occurring Southern Ocean pteropod species. My research 
focused on the relatively under-surveyed yet highly biologically and ecologically productive 
Indian Sector of the Southern Ocean. The identification of patterns pertaining to the ecological 
functional roles presented here, including trophodynamics, abundance, and life history strategies, 
were drawn from three voyages, two separate sediment trap experiments, and represent the most 
comprehensive pteropod assessment for the Indian Sector. Furthermore, this work featured all 
age classes as well as four of the six most common pteropod species south of the Polar Frontal 
Zone. While most studies focus specifically on the sensitivity of thecosomes to multiple stressors 
of climate change, I recognised that gymnosomes are just as much at risk of such stressors, and 
have consequently not excluded them, wherever possible, in assessments provided within this 
thesis. 
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As with the recent review by Manno et al. (2017) that synthesized recent technological 
advances introduced to pteropod-based research, I have also used novel technologies and 
methodologies to fill knowledge gaps in fundamental biology and ecology of Southern Ocean 
pteropod species. I made important advances in using stable isotopes to understand the trophic 
ecology of Southern Ocean pteropods. While chemical lipid extraction is not new to pteropod 
research, the effect of lipid removal on stable carbon and nitrogen is an advancement to our 
knowledge, and the effect this has on a variety of niche metrics is an important contribution to 
our understanding of the biochemistry of polar pteropods. Similarly, stable carbon and nitrogen 
isotopes analyses have previously been used to estimate the ecological niches of pteropods, 
however my expansion into using Bayesian niche metrics is a first in this field. Identifying the 
benefit of using swimmer specimens from sediment traps in ecological studies is gaining more 
attention (Busch et al., 2015; Makabe et al., 2016), especially in polar regions where traps can 
continue to sample even when sites are seasonally inaccessible. The research presented here is 
the first to demonstrate that ecological processes, such as early age growth rates, obtained from 
trap-caught swimmer specimens, can closely match information obtained through traditional 
plankton net-sampled techniques. Finally, the egg mass measurements presented in the final data 
chapter were facilitated through the use of an open source image analysis platform, ImageJ/Fiji. 
This technique had not been used before  to enumerate and measure eggs within pteropod egg 
masses. 
To summarize , this thesis found the following based on stable isotopes analyses (Chapters 
2 and 3): 
 Pteropods with lipids removed had d13C values up to 4.5‰ higher than bulk samples. 
 Isotopic niche overlaps between untreated pteropods and their potential food sources 
were significantly different from overlaps generated between lipid-corrected pteropods 
and their potential food sources. 
 Data converted via normalisation models did not reveal significant differences either 
between the models or among various niche metrics. 
 Observed niche areas were broadest for gymnosomes, especially for C. limacina, whose 
observed area was wider on both d13C and d15N axes, either reflecting a more generalist, 
rather than specialist, feeding strategy or limited food availability. 
 Trophic position increased for S. australis with increasing body length. 
 No dietary shift to carnivory with increasing body size was inferred for C. pyramidata. 
 Trophic positions among all species ranged 2.8-3.5, revealing an assemblage composed 
of both primary and secondary consumers. 
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Based on shallow water sediment trap experiments (Chapter 4), this thesis also found: 
 Highest abundances were measured for veliger-aged L. helicina, relative to all other 
species and age classes. 
 Intra-seasonal growth rate for veligers was estimated to be 0.01 mm d-1. 
 Temporal swimmer flux rates ranged from 121 - 2,652 m-2d-1 at 53 m; vertical flux was 
960 m-2 d-1 at 57 m depth, and 6,692 m-2 d-1 at 90 m depth. 
 Fluorescence and sinking POC and PIC had the most explanatory power for abundances 
of shallow water age and species classes of pteropods. 
Finally, based on fecundity estimates involving both live and preserved L. helicina antarctica 
specimens sampled from the Indian Sector of the Southern Ocean (Chapter 5): 
 Larger adults (>5.5 mm shell diameters) spawned more egg masses per 24 hours (>5 egg 
masses), with adults as small as 4.2 mm (shell diameter) spawning eggs. 
 Ovigerous females spawned more egg masses while incubated in larger seawater fractions 
(>210 µm). 
 Potential drivers of egg abundance were latitude, longitude and temperature, whereas 
longitude and presence of larger pteropods were important in estimating presence-
absence of eggs. 
 Preserved samples possessed all stages of holoblastic embryogenesis, typical 
developmental patterns observed in gastropods molluscs. 
 Egg areas decreased over sampling periods equivalent to spawning seasons and 
corresponding to all voyage collections analysed. 
 The automated method of counting eggs within egg masses using the image analysis 
platform ImageJ/Fiji was ~92 % effective when compared to results from manual 
counting of images. 
 
6.2 Implications of this research 
The research presented within these chapters offers a substantial contribution of new data 
drawn from innovative analytical techniques that have rarely been used in pteropod-focused 
studies. Stable isotopes analyses are a useful tool employed by ecologists to estimate the 
ecological and trophic niches of organisms. However, among its limitations is the bias presented 
by the presence of lipids within soft tissues and it is essential to not only quantify these 
concentrations, but also correct for them prior to further analyses. Prior to the research 
presented in Chapter 2, we had not known the effect lipids had on stable carbon and nitrogen 
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isotopes of pteropods, nor had we confirmation of the suitability of chemical versus 
mathematical lipid correction procedures on pteropods. This thesis provides strong support for 
the pre-treatment of lipids, either chemically or mathematically, from Southern Ocean pteropod 
specimens prior to work involving stable isotopes analyses.  
The process of estimating niche breadth in co-occurring pteropods raised more questions 
than it answered. While the sampling effort conducted during the KAXIS research voyage was 
the most regionally extensive of its kind, it was difficult to determine whether the pteropod 
species composition observed here was typical. In fact, the low abundance of the species 
considered the most abundant south of the Polar Front, L. helicina antarctica, seemed the most 
likely explanation for the wider than expected niche widths of its monophagous predator, C. 
limacina antarctica. This observation emerged from three conclusions about Southern Ocean 
pteropods based on similar research: 
1) That the niche breadth of pteropods, at least Southern Ocean species, may not be 
directly or closely associated with dietary diversity, consequently not adhering to 
the niche variation hypothesis posited by Van Valen (1965); 
2) That gymnosome species, such as C. limacina antarctica, may possess a high inter-
individual variability due to metabolic responses to stresses, such as food 
limitation, which can be observed through a greater stable carbon and nitrogen 
isotopic range (Karlson et al., 2018); 
3) That ‘low Limacina years’ have previously occurred in the Southern Ocean (Hunt 
et al., 2008; Seibel and Dierssen, 2003). 
The results from Chapter 4, along with the work of Makabe et al. (2016), support the use 
of sediment trap-caught swimmer specimens in ecological studies, including estimations of 
population dynamics, early stage growth rates, and species and age abundances and 
compositions. Sediment traps are particularly useful as, unlike traditional plankton net sampling 
techniques, they do not bias against smaller size fractions and can provide realistic species age 
structure profiles with the potential to expand these profiles over interannual time scales. I also 
provided estimations on the rate of particulate organic and inorganic matter, which are useful to 
understand the magnitude of passive contributions by pteropods to the global carbon and 
carbonate pump, at a regional scale. Sediment traps are most commonly employed for gathering 
these types of data. Moreover, the data presented in this chapter show swimmer flux at two 
separate time scales within the same austral season, which enabled the identification of pulsed 
spawning events, and also made it a useful dataset with which to determine potential drivers of a 
variety of ecological patterns and processes among co-occurring pteropod species. Future work 
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should also investigate any influence carbonate chemistry may also have on pteropod 
distributions. 
An important goal for this thesis was to highlight fecundity and embryogenetic 
development in pteropods, specifically the common Limacina helicina antarctica. Southern Ocean-
based research focusing on responses to ocean acidification by early-stage pteropods is emerging, 
yet gaps remain in our understanding of in situ patterns and strategies of early life stages, and 
reproductive success of ovigerous females. Moreover, the research presented in Chapter 5 is a 
first attempt at measuring the abundance of egg masses and determining environmental drivers 
of patterns in abundance of egg masses. While the effects of ocean acidification cannot be 
ignored, it was important to identify whether these patterns are driven by other processes, and 
this study revealed possible spatial and oceanographic influences (ie. latitude, longitude and 
temperature). Data presented in this chapter represent a first step in the process of forecasting 
reproductive success of thecosome pteropods and highlights the importance of incorporating 
egg masses into species abundance and composition assessments for the Southern Ocean. 
 
6.3 Future directions 
As pteropods are gaining more attention as early indicators of climate change, our 
understanding of the magnitude of their ecological roles remains limited. Designing future 
pteropod-focused ecological research should incorporate both empirical and theoretical 
approaches. Below I outline promising directions for future research building upon the work 
presented in this thesis (not an exhaustive list). 
 
6.3.1 Assessments in pteropod variability, trends over time, and prognoses 
Returning to the same transects to repeat sampling efforts is highly encouraged. This will 
enable a better understanding of the dynamic community structure and oceanographic processes 
acting on co-occurring pteropod species, at interannual time scales. This is especially important 
for relatively under-surveyed regions, such as the southern Kerguelen Plateau where, during 
summer 2015/16, we observed significantly higher densities of C. pyramidata f. sulcata than the 
common L. helicina antarctica, as observed in Chapter 3. Without prior knowledge of regional 
interannual variation in abundance and isotopic values for these species, we cannot be sure that 
this represented a “low Limacina year” or a species composition typically observed for the 
southern Kerguelen Plateau. 
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6.3.2 Biochemical responses to changing climate conditions 
An important aim in pteropod-related trophodynamic research is to investigate how 
multiple stressors affect their isotopic niches. For instance, as addressed in Chapter 3, the 
breadth of pteropod isotopic niches may not be influenced solely by diet diversity, as indicated 
by the larger niche widths occupied by the specialist gymnosome species relative to omnivorous 
C. pyramidata f. sulcata. The data presented Chapter 3 provides an impetus to better understand 
how various stressors, such as food limitation, affect their stable carbon and nitrogen isotope 
signatures. I propose several different approaches to reach this aim. Empirically, this can be 
achieved through inducing physiological stress (e.g. starvation) on live pteropod specimens and 
testing how these conditions affect stable isotopic values. In the field, pteropods should be 
sampled for stable isotopes analyses over long time scales, and assessed against a suite of 
oceanographic and physical covariates, thus enabling the identification of a baseline isotopic 
range that can be used to monitor biochemical responses to changing climate conditions. 
Explicit model representation of the evolution of isotope signatures could also give more 
powerful comparisons with observed signatures (McCormack et al., 2019).  
 
6.3.3 Changing primary production and effects on fecundity 
Given the threat of changing species and size compositions of phytoplankton in the 
Southern Ocean, understanding how this will affect fecundity in herbivorous pteropods 
motivated the incubation experiments conducted in Chapter 5. Due to the small number of live, 
ovigerous L. helicina antarctica females retrieved during the KARE20 voyage, these results can 
only be regarded as preliminary. An expansion of this work is recommended to include a greater 
sample size. This would enable a better understanding of the ecological and energetic 
requirements of thecosome pteropods (particularly L. helicina antarctica) optimal for reproductive 
success. As research continues to investigate regional changes to phytoplankton size and species 
concentrations under future climate scenarios, this could in turn lead to enhanced forecasting of 
the effects on the trophic dynamics and reproductive success of herbivorous pteropod 
assemblages. 
 
6.3.4 Drivers of early life history and reproductive success 
Knowledge pertaining to key oceanographic and environmental variables that drive early 
life history strategies and reproductive success of Southern Ocean pteropods remains 
underdeveloped. Future studies should investigate the environmental features that form suitable 
habitat for co-occurring pteropod species, and identify any species- and age-specific responses 
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should any of these features reach a tipping point. For instance, in Chapter 5, I presented results 
from a first attempt to model oceanographic drivers of egg production in L. helicina antarctica 
using generalized additive modelling procedures; however, this effort was based on data sampled 
from a single voyage transect (KAXIS). It would be fruitful to explore regional egg production 
over greater time and spatial scales, thus enabling a better understanding of how future climate 
change scenarios directly affect reproductive success of this species.  
 
6.3.5 Explore the role of the Chaetoceros species link to egg masses 
During both the KAXIS and KARE20 voyages, and briefly discussed in Chapter 5, high 
concentrations of the centric diatom Chaetoceros spp., primarily C. cyrophilus, were observed which 
were associated with zooplankton samples at sites containing L. helicina antarctica egg masses. The 
mechanism of this association is not clear; for instance, it is not well known whether C. cryophilus 
is a preferred food source for adult L. helicina antarctica, and low concentrations of Chaetoceros sp. 
skeletal remains have been found in the gut contents of L. helicina sampled from northern 
temperate regions (Paranjape, 1968) as well as in other thecosome species (Bednaršek et al., 
2016). Chaetoceros spp. is a dominant phytoplankton genus that has high lipid and fatty acid 
concentrations, and is an important food source for many organisms (Bloom et al., 2002). It 
would be useful to investigate this pteropod egg mass-Chaetoceros relationship in depth, 
particularly given the growing research identifying varying sensitivities of Southern Ocean 
Chaetoceros spp. under different climate scenarios (Sackett et al., 2013; Trimborn et al., 2019).  
 
6.3.6 Incorporate all life stages into ecosystem models 
Recent work in ecosystem modelling has explicitly represented both gymnosomes and 
thecosomes, as individual functional groups, rather than grouping them together as 
‘zooplankton’, or other larger groupings (Suprenand and Ainsworth, 2017). Using Ecopath with 
Ecosim (EwE) to simulate changes in food web dynamics under forecasted changes to primary 
production in the western Antarctic Peninsula, results have predicted positive trends in terms of 
biomass and trophic position (Suprenand and Ainsworth, 2017). The development of ecosystem 
models that investigate diet linkages need to incorporate all life stages of species and/or 
functional groups, and is rarely practiced in Antarctic food web models (McCormack et al., 
2017). Key needs to enable robust representation of pteropods in future ecosystem modelling 
efforts include parameterization of largely unknown characteristics of life cycle, such as 
fecundity, growth rate, life span, and mortality (Manno et al. 2017). Ontogenetic diet shifts that 
have been observed in both gymnosome and thecosome pteropod species suggest that multi-
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stanza or size-based representations will be appropriate. Data for such research requires 
sampling techniques that preserve the integrity of shells and body tissue (e.g. ring net), and 
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Appendix A 
Supplementary materials for Chapter 2 
 
A.1 Supplementary Tables 
  
Table A.1 Averages (± SD) of d13C values (‰), d15N values (‰) and C:N ratio of untreated samples (bulk) and those chemically treated by lipid 
extraction (LE) prior to stable isotopes analysis, for different sampling stations. ∆d13C values refer to the difference between LE and bulk d13C 
values. Sample sizes (n) are divided into b = bulk and le = lipid extracted. 
Species station  n d13Cbulk d13CLE d15Nbulk d15NLE C:Nbulk C:NLE ∆d13C 
























-28.2 ± 0.7 -25.2 ± 0.4 3.6 ± 0.9 5.3 ± 0.7 4.1 ± 0.7 3.3 ± 0.0 +3.0 
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-28.2 ± 0.4 -27.4 ± 0.0  4.1 ± 0.3 6.3 ± 0.0 7.1 ± 0.5 4.1 ± 0.0 +0.9 
Spongiobranchaea australis 40 
b: 4 
le: 1 
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Table A.2 One-way MANOVA hypothesis test output for dependent response variables (d13C and d15N values) and independent variables, 
species, and treatment (lipid extraction vs. no lipid extraction). 
d13C x d15N Wilk’s l F (df) P 
Site 0.367 5.35 (18,148) 1.9x10-9 
Species 0.318 28.58 (4,148) 2.2x10-16 
Treatment 0.198 150.09 (2,74) 2.2x10-16 
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Table A.3 Summary of multiple pairwise-comparisons made between (1) corrected bulk d13C value means derived from each normalization 
model with the corrected mean derived from our average offset value, and (2) the mean difference between bulk and corrected d13C values 
(∆d13C) derived from each normalization model with the ∆d13C values derived from our average offset value (statistical significance at α = 0.05). 
Details of studied taxa originally used to develop each model are also listed here. 
Model  Taxa Multiple comparison (1)  Multiple comparison (2) 
  Mean d13Ccorr p-value   Mean ∆d13Ccorr p-value 
This study Pteropods -25.66 ± 0.9 --  2.4 ± 0.2  -- 
Kiljunen et al. (2006) Marine, freshwater, brackish 
fishes 
-25.80 ± 1.0 0.793  2.3 ± 0.7 0.328 
Logan et al. (2008) Marine & freshwater 
invertebrates 
-27.46 ± 0.9 <0.001  0.6 ± 0.3 <0.001 
Post et al. (2007) Various, aquatic  -27.28 ± 1.1 <0.001  0.8 ± 0.9 <0.001 
Smyntek et al. (2007) Freshwater zooplankton -26.25 ± 0.9 <0.001  1.8 ± 0.6 <0.001 
Syväranta & Rautio (2010) Freshwater zooplankton -25.38 ± 1.0 0.073  2.7 ± 0.8 <0.001 
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Table A.4 Niche analysis summary statistics for each treatment and normalization formula and pteropod species. TA = total area, SEA = 
standard area ellipse, SEAc = corrected standard ellipse area (corrected for small sample sizes). Numbers in brackets are Bayesian probability 
(p-value) that metric is larger than that corrected by our average offset value. 
Model correction Summary statistic C. pyramidata C. antarctica S. australis 
Bulk  
TA 11.50 6.84 1.10 
SEA 1.83 (0.66) 2.42 (0.51) 0.75 (0.50) 
SEAc 1.84 2.58 0.90 
This study 
TA 9.14 6.84 1.10 
SEA 1.73 2.42 0.75 
SEAc 1.74 2.58 0.90 
Kiljunen et al. (2006) 
TA 8.78 3.97 0.87 
SEA 1.71 (0.44) 1.59 (0.11) 0.64 (0.38) 
SEAc 1.72 1.69 0.77 
Post et al. (2007) 
TA 8.73 5.19 0.75 
SEA 1.70 (0.44) 2.17 (0.34) 0.61 (0.34) 
SEAc 1.71 2.26 0.73 
Smyntek et al. (2007) 
TA 8.78 4.20 0.88 
SEA 1.70(0.43) 1.67 (0.15) 0.64 (0.38) 
SEAc 1.71 1.78 0.77 
Logan et al. (2008) TA 8.77 4.78 0.97 
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SEA 1.69 (0.41) 1.68 (0.15) 0.69 (0.44) 
SEAc 1.71 1.79 0.82 
 TA 8.98 5.66 0.77 
(Syväranta and Rautio, 2010) 
SEA 1.75 (0.54) 2.34 (0.45) 0.60 (0.34) 
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Appendix B 
Supplementary materials for Chapter 3 
 
B.1 Supplementary Tables 
 
  
Table B.1 Summary of multivariate analysis of variance (MANOVA) results for isotopic variations among bulk samples. 
Source of variation 
δ13C (‰)  δ15N (‰) 
df SS MS F  df SS MS F 
Latitude 1 0.39 0.39 0.71NS  1 0.90 0.90 2.71NS 
Longitude 1 2.44 2.44 4.42*  1 4.51 4.51 13.50*** 
Depth 1 2.06 2.06 3.72NS  1 1.32 1.32 3.94* 
Species 2 1.36 0.68 1.23NS  2 18.62 9.31 27.84*** 
Latitude x longitude 1 16.17 16.17 29.25***  1 0.15 0.15 0.44NS 
Latitude x depth 1 0.001 0.001 0.002NS  1 2.13 2.13 6.37* 
Longitude x depth 1 0.05 0.05 0.09NS  1 0.46 0.46 1.37NS 
Latitude x species 2 5.58 2.80 5.05**  2 0.89 0.44 1.33NS 
Longitude x species 2 0.39 0.20 0.35NS  2 0.16 0.08 0.24NS 
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Depth x species 1 1.26 1.26 2.28NS  1 1.18 1.18 3.54NS 
Latitude x longitude x depth 1 18.49 18.49 33.46***  1 0.01 0.01 0.01NS 
Latitude x longitude x species 1 0.99 0.99 1.79NS  1 0.02 0.02 0.06NS 
Latitude x depth x species 1 0.99 0.99 1.80NS  1 1.29 1.29 3.87NS 
Longitude x depth x species 1 2.66 2.66 4.80*  1 2.72 2.72 8.14** 
Full model 1 0.15 0.15 0.27NS  1 2.57 2.57 7.68** 
Residuals 146 80.69 0.55   146 48.80 0.33  
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Table B.2 Total area (TA), standard ellipse area (SEA), and SEA corrected for small sample size (SEAc) for each pteropod species and large- 
and small-fraction POM. 
 C. pyramidata C. antarctica S. australis POM (large) POM (small) 
TA (‰2) 7.90 8.15 4.19 1.86 2.18 
SEA (‰2) 1.66 2.55 2.22 1.22 1.47 
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Table B.3 Niche overlap metric estimates (%) of 10,000 Monte Carlo sampling draws from the prior parameters. Values represent calculations 
made at 95 and 99 % probabilistic niche region (PNR;  = 0.95, 0.99). 
  C. pyramidata C. antarctica S. australis POM (large) POM (small) 
PNR: 95% C. pyramidata -- 85.60 47.95 0.19 0.14 
 C. antarctica 68.35 -- 62.44 0.05 0.06 
 S. australis 49.68 79.47 -- 0.02 0.00 
 POM (large) 0.13 0.35 0.03 -- 82.68 
 POM (small) 0.12 0.32 0.00 74.03 -- 
PNR: 99% C. pyramidata -- 95.00 64.81 0.65 0.74 
 C. antarctica 83.87 -- 75.02 0.79 0.86 
 S. australis 71.04 89.93 -- 0.05 0.03 
 POM (large) 0.36 1.37 0.05 -- 90.92 
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Table B.4 Details of sampling net, mean length (body or shell), length-to-weight equation used (described in Bednaršek et al. 2012), total 
abundance, and carbon biomass (a product of abundance and DW) estimates for each pteropod species.    
Species RMT  Mean length 
(mm±SD)  
DW Equation Abundance 
(ind. m-3) 
Biomass   
(mg C m-3) 
Study 
C. pyramidata 8 15.5 (4.3) !" = [0.2152 ∙ +,.,-.] ∙ 0.28 0.06 1.78 This study 
C. antarctica 8 17.8 (3.6) !" = [10(,.2..∙345(6)8..9-:-2)∙;:<] ∙ 0.28 0.003 0.005 This study 
L. helicina 
(juvenile) 
1 0.44 (0.06) !" = 0.137 ∙ !;.2::2 2.69 0.107 Matsuno et al. 
submitted 
L. retroversa 1 1.51 (0.04) !" = [0.000194 ∙ +,.2AB.] ∙ 0.28 0.14 2.10e-05 Matsuno et al. 
submitted 
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B.2 Supplementary Figures 
 
Figure B.1 Interannual monthly time series of average chlorophyll a concentrations (mg m-3) for December, January and February (2008-2017), 
















Interannual time series Average Chlorophyll a concentration monthly 4 km [MODIS-Aqua MODISA_L3m_CHL
v2018] mg m-3 for 2008-01-01 00:40:01Z - 2017-02-01 02:49Z, Region 72.4219E, 66.7969S, 94.2188E, 58.3594S
January February December
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Appendix C 
Supplementary materials for Chapter 4 
 
C.1 Supplementary Tables 
 
  
Table C.1 Details of equipment (depth (m) in brackets), sensors, sensor suppliers, and the oceanographic data obtained by each. 
Equipment type  Sensor name Sensor supplier Oceanographic data 
GPS buoy (surface) ACTW-USB JFE Advantech Co. Ltd. Temperature, salinity 
Sensor frame 1 (15 m) Depth sensor JFE Advantech Co. Ltd. Depth 
 ALW-CMP JFE Advantech Co. Ltd. PAR 
 ACTW-USB JFE Advantech Co. Ltd. Temperature, salinity 
 ACLW2-USB JFE Advantech Co. Ltd. Chlorophyll, temperature, turbidity 
Sensor frame 2 (32 m) ATD-HR JFE Advantech Co. Ltd. Temperature, depth 
 ALW-CMP JFE Advantech Co. Ltd. PAR 
 ACTW-USB JFE Advantech Co. Ltd. Temperature, salinity 
 ACLW2-USB JFE Advantech Co. Ltd. Chlorophyll, temperature, turbidity 
Sensor frame 3  ALW-CMP JFE Advantech Co. Ltd. PAR 
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 ALTW-USB JFE Advantech Co. Ltd. Temperature, salinity 
 ACLW-CMP JPE Advantech Co. Ltd. Chlorophyll, temperature, turbidity 
Microcat 1 (44 m) SBE37 SBE Temperature, salinity 
 Depth-sensor JFE Advantech Co. Ltd. Depth 
 MFL JFE Advantech Co. Ltd. Fluorescence, temperature, turbidity 
 DEFI2-L JFE Advantech Co. Ltd. PAR 
Microcat 2 (50 m) SBE37 SBE Temperature, salinity 
 Depth-sensor JFE Advantech Co. Ltd. Depth 
Sediment trap 1 A twin trap NiGK Co.  
 ACT-HR JFE Advantech Co. Ltd. Temperature, salinity 
ADCP (65 m) Aquadopp Profiler Nortek Group Current 
 Depth-sensor JFE Advantech Co. Ltd. Depth 
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C. pyramidata f. 
sulcata 
Gymnosome spp. Egg mass 
1 0 (0) 0 (0) 107 (8) 13 (1) 0 (0) 0 (0) 
2 0 (0) 0 (0) 282 (21) 0 (0) 13 (1) 0 (0) 
3 0 (0) 40 (3) 228 (17) 0 (0) 27 (2) 13 (1) 
4 215 (16) 40 (3) 134 (10) 0 (0) 0 (0) 0 (0) 
5 228 (17) 27 (2) 899 (67) 0 (0) 0 (0) 27 (2) 
6 81 (6) 13 (1) 631 (47) 40 (3) 40 (3) 27 (2) 
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Table C.3 24hr trap L. helicina age class flux estimated from abundance (ind. m-2 day-1) per sediment trap cup; F = formalin, L = Lugol’s 
solution. Count data in brackets. There were no other species found in this sampling experiment. 
Trap cup L. helicina antarctica adult L. helicina juvenile L. helicina veliger Egg mass 
57 m (F) 282 (5) 113 (2) 452 (8) 57 (1) 
57 m (L) 113 (2) 395 (7) 452 (8) 57 (1) 
90 m (F) 0 (0) 0 (0) 7115 (126) 0 (0) 
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Table C.4 GLM outputs for the explanatory value of environmental parameters measured for pteropod species and age class fluxes in 
abundance from sediment trap sensor datasets. The most parsimonious models are selected based on lowest AIC selection criteria. 
Significant parameters (p ≤ 0.05) in bold. All GLM’s based on negative binomial distribution. 
Model Group 
Best fit model 
predictors 
Coeff ± SE t-value p AIC 
pr(X2) model fit 
All species/ fluorescence -2.23 0.08 -29.4 9x10-5 136.4 0.989 
agesb  latitude 0.44 0.12 3.50 0.04   
(combined) PIC 0.25 0.02 14.36 7x10-4   
 POC 0.08 5x10-3 14.43 7x10-4   
 zooplankton 2x10-3 9x10-6 21.94 2x10-4   












































   
















 POC -0.08 0.02 -4.64 0.04   
 temperature -7.42 1.42 -5.22 0.03   
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 zooplankton 3x104 5x10-5 -29.05 2x10-16   
Egg masses Intercept -2x105 4x103 -35.66 8x10-4 49.40 0.999 
 fluorescence -34.44 9.64 -35.72 8x10-4   
 gymnosomes 4.73 0.13 35.53 8x10-4   


































Gymnosomes Intercept 7x104 144 45.86 1x10-6 35.94 0.999 
 adults -5.42 0.12 -45.03 1x10-6   
 C. pyramidata 5.51 0.12 44.41 2x10-6   
 juveniles 0.50 0.01 47.59 1x10-6   
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Table C.5 Pteropod egg mass morphometrics for drifter1 and 24hr trap sampling experiments. 57 m (F) and (L) are sampling cups poisoned 
with formalin and Lugol’s solution, respectively, from the 24-hr sampling experiment. 
Sampling cup Clutch length (mm) Clutch area (mm) Clutch-to-Egg ratio Egg count Egg area (mm) 
3 4.43 6.18 2.18 696 1.64x10-3 
5 4.49 4.47 2.32 424 1.17x10-3 
5 5.07 6.99 2.04 1106 1.00x10-3 
6 4.80 4.47 1.69 692 1.00x10-3 
6 4.66 5.11 1.78 807 1.00x10-3 
7 5.48 6.56 1.69 653 3.00x10-3 
7 4.90 6.06 1.59 893 1.93x10-3 
57 m (F) 8.27 18.93 1.34 643 0.014 
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Table C.6 24h sediment trap depth sensor data. 
Sensor depth (m) Maximum depth (m) Minimum depth (m) Depth difference (m) Average depth (m ± SD) 
15 16.5 14.4 2.1 15.7 (0.2) 
30 32.9 30.3 2.6 31.9 (0.3) 
45 45.3 43.0 2.4 44.4 (0.3) 
50 51.3 48.2 3.1 50.1 (0.4) 
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C.2 Supplementary Figures 
 
 
Figure C.1 Multiple pairwise comparisons between each morphometric variable used to 
describe egg masses from each sampling cup. Variables include: SD = sampling date, CL = 
clutch length, CA = clutch area, C:E = clutch to egg ratio, EC = egg count, EA = egg area, 
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Figure C.2 Log-transformed abundance values from unpublished data for pteropods 
obtained from various net sampling techniques conducted during the same research 
program as that presented in this Chapter. 
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Appendix D 
Supplementary materials for Chapter 5 
 
D.1 Supplementary Methods 
 
The following is the protocol that uses ImageJ to enumerate eggs within egg masses: 
1. Before eggs can be counted, a binary version of the original image needs to be created. 
Open the image, then create a duplicate by right-clicking on it and select Duplicate… 
from the menu. In the resulting dialogue, you can give the image a new name or accept 
the default (the original image name with –x at the end of it). 
2. Select an area around the eggs within the egg mass. Select the “freehand” tool and draw 




3. Convert image to greyscale. Go to Image > Type > 8-bit. 
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4. Threshold the image. Go to Image > Adjust > Threshold. Tick the Dark Background 




5. Go to Process > Binary > Make Binary or press the Apply button in the threshold 
window. 
Appendix D 
  165 
 
 
6. The resulting binary image will likely show several eggs that seem fused together. If we 
were to count this image now, these fused eggs would be counted as one. These can 
easily be separated by going to Process > Binary > Watershed. The watershed function 
essentially draws a dividing line between the two objects. Use the “freehand selections” 




7. To count eggs, go to Analyse > Analyse Particles… In the dialogue box that pops up, 
leave Size and Circularity at their default values. Set Show: to Outlines, and tick the 
boxes as per the figure below. Press OK. 
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8. The results are displayed in the table and as the outline image. The results show that 
there are 696 eggs in the image. 
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D.2 Supplementary Tables 
 
Table D.1 Details of station and egg mass counts from sites where they were collected. 
Station Voyage Net gear Sample date Longitude (°E) Latitude (°S) Egg mass count 
16 BROKE-East RMT 30/1/96 79.97 -66.03 11 
27 BROKE-East RMT 1/2/96 80.01 -64.50 9 
R10 K-Axis RMT 28/1/16 91.53 -62.32 43 
R11 K-Axis RMT 28/1/16 89.67 -62.39 37 
R12 K-Axis RMT 29/1/16 87.79 -62.47 3 
R13 K-Axis RMT 30/1/16 86.11 -62.52 13 
R14 K-Axis RMT 31/1/16 83.87 -62.54 18 
R15 K-Axis RMT 1/2/16 82.03 -62.52 1 
R22 K-Axis RMT 4/2/16 91.38 -65.01 4 
R23 K-Axis RMT 5/2/16 89.80 -64.32 1 
R39 K-Axis RMT 14/2/16 85.85 -60.07 4 
R40 K-Axis RMT 15/2/16 83.59 -60.32 3 
R42 K-Axis RMT 15/2/16 79.93 -60.90 3 
C03 KARE20 ORI 9/1/17 110.05 -62.01 48 
C07 KARE20 ORI 10/1/17 109.93 -64.24 87 
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KC6 KARE20 ORI 11/1/17 109.90 -65.16 5 
C11 KARE20 ORI 15/1/17 107.96 -63.49 43 
C05 KARE20 ORI 16/1/17 109.94 -62.99 55 
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Table D.2 Details on number of egg masses from 24-hr incubation experiments of adult L. helicina antarctica. 
Site/Date Bottle ID# No. egg masses Adult shell diameter (mm) Seawater fraction (µm) 
C09  
13/1/17 
37 2 4.185 210 
49 3 5.880 210-20 
23 0 4.355 20 
15 1 5.044 210 
77 1 4.728 210-20 
20 0 5.434 20 
84 2 5.039 210 
54 5 6.754 210-20 
62 2 5.338 20 
6 5 5.447 210 
66 3 6.573 210-20 
22 1 6.265 20 
C06  
17/1/17 
84 0 5.477 210 
48 13 6.335 210 
58 15 6.440 210 
74 7 6.985 210 
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Table D.3 Summary of paired t-test results of egg and egg mass morphometric traits for each voyage. 
Trait 
t-value 
BROKE-EAST vs KAXIS KAXIS vs KARE20 BROKE-EAST vs KARE20 
Mass length (mm) t = -5.3444 
df = 61.857 
p < 0.001 
t = -0.065677 
df = 134.47 
p = 0.9477 
t = -6.1681 
df = 38.177 
p < 0.001 
Mass area (mm2) t = -6.8343 
df = 81.722 
p < 0.001 
t = -0.58936 
df = 118.19 
p < 0.5567 
t = -8.291 
df = 39.988 
p < 0.001 
Clutch area (mm2) t = -4.636 
df = 58.841 
p < 0.001 
t = 2.3351 
df = 146.36 
p < 0.05 
t = -7.257 
df = 38.431 
p < 0.001 
Clutch area : Egg mass area t = -4.4366 
df = 73.192 
p < 0.001 
t = -4.2909 
df = 101.2 
p < 0.001 
t = -1.654 
df = 31.618 
p = 0.108 
Egg counts t = -2.2401 
df = 50.759 
p < 0.05 
t = 1.6663 
df = 163.62 
p = 0.09756 
t = -3.5267 
df = 38.377 
p < 0.05 
Eggs × mass mm-2 t = 4.0329 t = 1.798 t = 3.3097 
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df = 34.205 
p < 0.001 
df = 163.96 
p = 0.07402 
df = 29.53 
p < 0.05 
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D.3 Supplementary Figures 
 
 
Figure D.1 Composite of images featuring underdeveloped and abnormal embryos. 
  
 
